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FOREWORD 


As  part  of  Project  THEMIS,  the  Department  of  Defense,  acting  through 
the  U.  S.  Air  Force  Office  of  Scientific  Research  with  Dr.  B.  A.  Wolfson 
as  Cognizant  Scientist,  awaroed  an  Integrated  applied  research  program 
concerned  with  the  "Chemistry  and  Mechanics  of  Combustion  with  Applica¬ 
tion  to  Rocket  Engine  Systems"  to  the  University  of  Utah.  This  investi¬ 
gation  In  the  College  of  Engineering  Is  under  the  general  direction  of 
Professor  M.  L.  Williams  as  Program  Manager  and  was  Initiated  In  September 
1967. 

The  purpose  of  this  program,  which  is  Integrated  with  our  academic 
objectives,  is  to  study  the  Interdependence  of  combustion  processes  and 
the  physics 'mechanical  behavior  of  solid  fuel  materials  within  the  context 
of  a  rtxket,  engine  system.  It  Is  Intended  to  capitalize  upon  a  quanti¬ 
tative  understanding  of  molecular  structure,  which  affects  both  the 
combustion  and  mechanics  behavior,  and  treat  the  propellant  fuel  and 
associated  Inert  components  as  a  materials  system— from  processing,  to  a 
determination  of  the  constitutive  equation  as  needed  to  assess  structural 
Integrity,  and  failure  under  various  environmental  and  loading  conditions. 
Concurrently,  the  tasks  are  concerned  with  propellant  as  an  energy  source- 
front  ignition,  through  burning,  gas  dynamics,  interaction  with  nozzle 
and  Insulation  components,  and  consideration  of  electron  noise  and  radar 
attenuation  In  the  plume. 

Six  task  areas  are  presently  envisioned,  each  of  which  Is  under  the 
direction  of  a  Principal  Investigator.  Coordination  of  the  various  tasks 
Is  accomplished  by  regular  meetings  of  the  senior  Investigators  and 
appropriate  external  consultants  from  industrial  and  government  organiza¬ 
tions.  The  six  areas,  not  necessarily  of  equal  emphasis.  Include: 

1.  Combustion  and  Transport  Mechanisms 

2.  Flow  and  Heat  Trans>r 

3.  Ablation  Mechanisms 

4.  Radiation  Attenuation  and  Plasma  Physics 

5.  Mechanics  of  Solids 

6.  Transition  to  Detonation  Mechanisms 

External  comments  are  solicited  and  direct  contact  with  the  Individual 
Investigators  Is  encouraged. 


PREFACE 


The  establishment  of  a  Proj  1  W'" S  program  at  the  University  of 
Utah  has,  in  conjunction  with  other  associated  research,  permitted  the 
College  of  Engineering  to  embark  upon  a  consolidated  and  Integrated  series 
of  investigations  in  the  general  area  of  combustion  and  combustion  related 
research.  As  a  particular  and  Immediate  result  of  Project  THEMIS,  several 
specific  studies,  which  have  the  molecular  morphology  as  the  common  thread 
affecting  both  the  combustion  and  mechanical  behavior,  have  been  Initiated. 
While  as  Individual  components  they  supplement  a  broader  program,  they 
also  comprise  individual  tasks  and  as  such  are  being  reported  separately. 
Their  internal  coordination  and  integration  with  the  broader  academic  and 
research  program  of  the  College  is  being  accomplished  through  frequent 
meetings  of  the  senior  investigators. 

A  study  of  the  combustion  process  is  intimately  associated  with  an 
accurate  knowledge  of  chemical  kinetics,  as  analytically  established  and 
experimentally  verified.  Many  of  the  present  observations  of  polymer 
decomposition  have  been  made  at  unreal istically  low  burning  rates.  In  the 
studies  planned  for  Task  1,  measurements  will  be  made  at  rates  two  orders 
of  magnitude  faster  than  conventional  ones.  Preliminary  experiments  with 
a  PBAA  solid  fuel  shows  that  a  pressure  dependent  endotherm  exists  In  the 
solid  before  the  gaseous  products  are  evolved,  thus  Illustrating  a  reason 
for  our  concern  with  the  molecular  chemical  structure  and  the  associated 
kinetics.  These  internal  processes  are  important  also  in  Task  6,  wherein 
m  inquire  as  to  the  possibility  of  Internal  heating  from  the  passage  of  a 
viscoelastic  shock  waye  through  the  solid  causing  sufficient  temperature 
rise  to  trigger  ignition  or  detonation.  This  latter  situation  Is  an 
interesting  illustration  of  thermo-mechanical  coupling  which  can  exist  In 
a  rate  dependent  material.  While  such  responses  have  been  calculated  for 
linear  viscoelastic  media  subjected  to  (weak)  stress  waves,  the  equation 
of  state  and  the  coupled  heat  and  equilibrium  equations  are  considerably 
more  complicated  for  higher  rate  and  more  intense  loadings. 

As  a  conjunction  of  portions  ot  Tasks  1  and  6  wherein  the  chemical 
structure  may  affect  both  the  combustion  and  the  mechanical  behavior. 


Task  5  seeks  to  pursue  in  greater  detail  the  appropriate  form  of  the 
equations  governing  deformation  of  a  rate  sensitive  solid.  As  a  point  of 
departure,  the  joint  thermo-mechanical  state  will  be  reviewed,  both 
analytically  and  experimentally,  with  especial  emphasis  upon  the  non-linear 
effects  Introduced  by  geometry,  such  as  "dewetting"  of  propellant  binder  and 
oxidizer,  and  by  the  material  Itself,  such  as  the  large  deformations  which 
are  characteristic  of  rubberlike  madia.  Ultimately  it  is  hoped  to  incor¬ 
porate  into  these  equations  any  chemical  effects  sensitive  to  high  rate 
loading  input.  Such  inclusion  would  possess  the  incidental  advantage  of 
providing  a  reference  point  in  the  event  the  ablation  studies  of  Task  3 
indicate  strong  coupling  between  materials  and  structural  integrity. 

The  principal  objective  of  Task  3  is  to  attain  methods  for  controlling  the 
chemical  kinetics  of  the  sub-surface  internal  endothermic-exotherlc  reactions, 
with  particular  reference  to  the  possibility  of  weight  reduction  in  rocket 
components  such  as  nozzles. 

Inasmuch  as  Task  3  will  examine  the  Interdependency  of  pyrolysis  of 
materials  and  surface  chemical  attack  during  combustion  along  the  Inter¬ 
face  between  the  ablating  material  and  the  flowing  gas,  some  aspects  of 
this  task  are  closely  related  to  the  aims  of  Task  2  which  is  concerned 
with  temperature  and  velocity  measurements  in  a  turbulent  boundary  layer 
subject  to  mass  Injection  and  combustion.  Both  subsonic  and  supersonic  gas 
flow  will  eventually  be  considered  in  measuring  heat  transfer  characteristics 
which  as  already  mentioned  are  essential  to  the  proper  design  of  ablating 
components  such  as  nozzles.  The  present  experiments,  which  include  Injection 
of  air  into  air,  and  nitrogen  and  hydrogen  into  air  through  a  porous  wall, 
have  required  the  development  of  a  temperature  sensor  which  Has  worked  well 
uncooled  in  non-combustive  gas  flow.  Preliminary  experiments  using  a  cooled 
censor  In  the  combustion  zone  have  yielded  encouraging  results. 

The  last  of  the  current  tasks,  Task  4,  has  yet  to  be  Integrated  fully 
into  the  overall  program;  Its  impact  will  depend  upon  the  success  of  its 
exploratory  stud|y  into  the  use  of  microwave  techniques  as  a  diagnostic  tool 
for  deducing  the  electron  temperature  In  the  combustion  chamber.  The 
attenuation  of  microwave  radiation  has  been  used  for  many  years  to  measure 
ionization  density  and  collision  frequency  In  the  combustion  products  behind 
the  exit  plane  of  the  exhaust.  The  present  study  is  directed  toward  achieving 
similar  results  Inside  the  combustion  chamber.  The  Initial  results  have 
been  encouraging  and  lead  us  to  hope  that  concurrent  improvements  in  data 


reduction  can  Include  analytical  provision  for  pressure  waves,  non-uniform 
tvtfbustlon,  and  source-sink  reactions  which  are  occurring  in  the  chamber. 

Such  deductions  and  proper  Interpretation  of  the  electron  temperature  should 
be  of  considerable  value  in  achieving  the  objectives  of  Task  1  wherein  the 
chemical  kinetics  of  combustion  are  being  investigated.  Finally,  one  other 
application  of  microwave  diagnostic  techniques  has  been  tried  with  reason¬ 
able  initial  success.  As  an  extension  of  the  ultrasonic,  non-destructive 
test  (HOT)  technique  commonly  used  to  detect  internal  flaws  In  metals,  micro¬ 
wave  radiation  techniques  have  been  used  to  find  internal  voids  in  filled, 
solid  fuel  materials.  Ultrasonic  waves  are  too  easily  attenuated  and  sub¬ 
sequent  evaluation  is  frequently  non-discriminating.  At  the  present  time, 
a  satisfactory  microwave  antenna  design  has  been  designed  and  used  in  the 
pilot  experiments.  If  the  outcome  from  all  the  present  test  components  is 
successful,  flaws  as  small  as  one- thousandth  of  an  inch  in  size  could  be 
detected  in  typical  solid  rocket  fuels. 

While  the  tasks  discussed  here  have  not  been  completely  defined,  it 
*S  believed  that  a  balance  between  definition  and  flexibility  has  been 
maintained  which  is  appropriate  to  the  time  the  work  has  been  in  development. 
Comments  are  solicited  from  the  technical  community  and  direct  communication 
with  the  Individual  senior  investigators  Is  enceurrned. 
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PREFACE 

Task  1,  as  outlined  in  the  original  proposal,  was  to  be  a  study  of 
gas-gas  mixing  at  the  boundary  between  two  fast-moving  gas  streams.  Work 
on  this  task  was  postponed  for  the  first  year  of  the  project  in  order  to 
permit  intensified  effort  on  other  tasks. 

A  review  r"  the  project  as  a  whole,  in  the  light  of  an  opportunity 
afforded  by  changes  in  the  sponsorship  of  related  combustion  orojects, 
now  leads  us  to  propose  replacing  the  task  on  mixing  with  one  on  polymer 
decomposition  mechanisms.  We  look  upon  this  change  as  a  means  to  strengthen 
the  project  by  initiating  the  investigation  of  molecular  mechanisms  of 
combustion,  later  expanding  to  the  study  of  molecular  mechanisms  of 
thermo- mechanical  and  chemi co-mechanical  behavior  of  propellant  materials. 

The  investigators  have  already  reported  some  work  on  polymer  decomposi¬ 
tion  (A^OSR  Final  Report  67-1901),  and  this  work  is  still  in  progress 
under  other  sponsorship.  It  has  been  concerned  almost  exclusively  with 
measurements  of  the  thermal  effects  attending  the  rapid  heating  of  polymers 
and  propel! ant- 1 ik*  materials,  very  limited  work  having  been  done  on  the 
chemical  aspects.  The  thermal  approach  under  other  sponsorship  should  be 
completed  in  Sep terser  1968  and  a  confined  thermal  and  chemical  approach 
will  be  initiated  as  Task  1  under  THEMIS  at  that  time. 


,0  INTRODUCTION 

The  several  conventional  methods  -eveloped  for  the  study  of  the 
ermal  decomposition  cr  polymeric  and  composite  materials  (DTA,  TGA, 

X)  suffer  from  the  defect  that,  at  the  small  heating  rates  employed, 

?e  high- temperature  dec-mpo*- i fci on  mechanisms  probably  active  in  combustion 
*oces$es  are  not  observed;  the  virgin  material  is  consumed  or  altered  by 
w-temperature  mechr';  ms  before  the  decomposition  temperatures  associated 
th  combustion  processes  are  reache.  The  work  already  performed  at  this 
tcility  has  employed  bestir.,,  rates  50  to  100  times  as  great  as  those 
ed  in  conventional  studies. 

Briefly,  the  studies  with  PBAA  polymer  have  revealed  that,  if  heating 
kes  place  in  an  inert  environment,  a  pressure-dependent  endotherm  is 
served  well  before  a  significant  amount  of  gaseous  product  is  evolved, 
heating  takes  place  in  the  presence  of  hot  oxygen,  or  even  in  nitrogen 
en  the  polymer  contains  twenty  percent  or  more  of  ammonium  perchlorate, 

«  first  significant  event  is  an  exotherm;  and  it  is  observed  well  before 
visible  flame  signal  ignition.  The  dependence  of  the  temperatures  at 
I ch  these  events  o^ror  cr  heating  rate,  pressure,  and  oxygen  temperature 
rmits  some  inferences  concerning  mechcnism  but  serves  mainly  to  identify 
3  part* ally  to  cnaracterize  events  whose  chemistry  must  be  studitd  before 
iful  resuH  can  be  published. 

Studies  now  in  progress  define  the  problems  which  will  be  investigated 
Task  1.  The  current  study  has  yielded  data  concerning  the  polymer- 
^gen  reaction  which  can  be  used  to  discriminate  between  proposed  mechanisms 
1  the  reaction.  However,  since  these  data  were  obtained  under  transient 
Kiltie ns,  cheir  mechanistic  interpretation  must  account  for  time-dependent 
percture  and  concentration  variations  in  the  solid  and  gas  phases;  and 
engthy  and  very  complex  data-analysi -  scheme  must  be  developed.  It  is 
posed  to  determine  the  polymer-oxidative-species  reaction  mechanism  by 
eloping  and  applying  such  a  scheme  to  the  existing  data  and  to  the 
ults  nt  additional  tests  which  may  be  required.  Considerable  effort 
1  be  directed  to  develop  s ~n.pl i ng  and  analytical  techniques  that  can  be 
d  wit-  methods  of  rapid  heating  of  small  test  specimens.  Professors 
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Boyd  and  Futrell  will  provide  supporting  talent  in  methods  of  spectroscopy, 
mass  spectroscopy,  and  polymer  characterization. 

In  the  following  years  of  the  task,  it  is  expected  that  the  methods 
developed  will  be  exploited  ip  additional  reaction-mechanism  studies; 
and  experiments  in  thermo-mechanical  and  chemi co-mechanical  phenomena— sud- 
porting  Task  3,  5,  and  6— will  be  initiated. 
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PREFACE 


A  basic  objective  of  the  Project  THEMIS  program,  "The  Chemistry 
and  Mechanics  of  Combustion  with  Applications  to  Rocket  Engine  Systems," 
at  the  University  of  Utah,  has  been  the  consideration  of  solid  propellants 
as  an  energy  source  and  the  study  of  the  means  required  to  convert  this 
energy  into  reliable  propulsion  work.  Six  research  tasks  were  undertaken 
in  the  areas  of  combustion  and  transport  mechanisms,  flow  and  heat  trans¬ 
fer,  ablation  mechanisms,  radar  attenuation  and  plasma  physics,  mechanics 
of  high  solids  loaded  systems,  and  transition  to  detonation  mechanisms. 

Task  2  of  this  program,  "Flow  and  Heat  Transfer,"  has  been  concerned  with 
the  study  of  the  turbulent  boundary  layer  with  mass  injection  and  combus¬ 
tion.  Characteristics  of  hot-film  sensors,  both  uncooled  and  cooled, 
have  been  examined,  with  the  result  that  these  sensors  may  be  used  as 
reliable  diagnostic  tools  In  reasonably  high  temperature  environments. 

In  the  area  of  solid-propellant  rocket  design,  the  results  of  this 
program  should  aid  in  the  understanding  of  the  behavior  of  ablator 
response  to  the  combustion  gas  environment  for  solid  propellant  rocket 
nozzles  ana  i*?'«lators,  and  should  provide  information  concerning 
gas-gas  phase  m.  vn  and  combustion  processes  which  would  aid  In  the 
understanding  of  proprllant  Ignition  arid  combustion  phenomenon. 

Several  aspects  of  this  research  are  directly  comparable  to  situations 
occurring  in  solid  propellant  rocket  systems  presently  being  developed. 

For  example,  the  injectants  used  In  Task  2,  up  to  this  point,  have  been  air 
into  air,  and  various  mixtures  of  hydrogen  and  nitrogen  Into  an  air 
turbulent  boundary  layer.  Mixtures  of  comparable  compositions,  i.e., 
light  gas  with  heavy  gas  (Hg  with  CO)  occur  in  the  combustion  products  of 
the  Poseidon  Stage  One  and  Poseidon  Stage  Two  rocket  motors.  Hence,  the 
results  of  Task  2  concerning  the  turbulent  mixing  and  transport  charac¬ 
teristics  for  boundary  layer  injection  should  be  applicable  in  the 
evaluation  of  the  heat  transfer  occurring  in  present  day  solid  propellant 
rocket,  motors. 


During  this  past  year,  the  supersonic  combustion  simulation  facility 
has  been  completed.  This  facility  provides  the  capability  for  simulating 
combustor  Inlet  conditions  for  air-breathing  systems  operating  In  the 
Mach  number  range  of  from  five  *o  twelve,  with  an  upper  altitude  limita¬ 
tion  of  130,000  ft.  It  is  anticipated  that  the  information  and  capability 
obtained  from  the  use  of  the  subsonic  combustion  wind  tunnel  will  be 
directly  applicable  In  *;he  supersonic  combustion  facility. 

The  use  of  the  water-cooled  hot- film  sensor  will  be  extended  to  the 
supersonic  wind  tunnel.  Because  of  the  increased  mggedness  of  the 
hot-film  sensor.  It  Is  anticipated  that  the  hot-film  probe  will  yield 
turbulent  mixing  and  combustion  data  In  the  supersonic  range,  which  are 
normally  very  difficult  to  obtain. 

The  specific  results  obtained  under  Task  2  of  Project  THr’IS  for  the 
period  1  September  1967  to  3!  August  1968  will  be  presented  under  three 
separate  sections.  These  sections,  with  a  brief  summary  for  each,  are 
as  follows: 

Subsonic  Turbulent  Boundary  Layer  with  Heat  and  Mass  Transfer 

Studies  of  the  subsonic  turbulent  boundary  layer  with  both  mass  and 
heat  transfer  from  a  porous  surface  have  been  completed.  Results  Indicate 
that  a  temperature  Inner  law  and  a  temperature  defect  law  may  be  written 
which  describes  the  resultant  temperature  distribution  across  the  thermal 
boundary  layer.  The  temperature  Inner  law  and  the  temperature  defect  law 
are  expressions  from  which  the  local  temperature  In  the  boundary  layer  at 
a  given  distance  from  the  surface  may  be  determined,  given  the  surface 
skin-friction  coefficient,  the  surface  heat  transfer,  and  the  mass-injec¬ 
tion  velocity  at  the  wall.  ^  Presence  of  the  heated  porous  surface 
causes  a  significant  Increase  In  longitudinal  turbulent  velocity  fluctua¬ 
tion  Intensity.  These  results  were  obtained  using  hot-film  sensors. 

Studies  of  the  effect  of  variable  composition  on  the  response  of  hot- 
film  sensors  In  an  isothermal  turbulent  boundary  layer  have  also  been 
completed.  Mixtures  of  hydrogen  and  nitrogen  were  injected  across  the 
porous  plate  Into  the  subsonic  turbulent  boundary  layer.  The  mixture 
compositions  were  varied  from  pure  hydrogen  to  pure  nitrogen.  Concentra¬ 
tion,  dynamic  pressure,  and  hot  film  power  dissipation  profiles  were 


obtained  across  the  bounda*y  l^yer.  The  power  dissipation  profiles  were 
obtained  with  constant  temperature  hot- film  sensors  and  the  results 
indicate  that  a  significant  Increase  In  heat  flux  is  produced  when  the 
environment  consists  of  a  mixture  of  hydrogen  and  air  or  hydrogen  and 
nitrogen.  Variable  composition  was  found  to  significantly  Increase  the 
longitudinal  turbulent  velocity  fluctuation  Intensity. 

A  technique  was  developed  where  the  three  profiles  discussed  above 
were  utilized  In  determining  the  velocity  profile  across  the  boundary 
layer.  The  turbulent  shear  stress  and  eddy  viscosity  distribution  were 
then  obtained  from  the  results. 

Subsonic  Turbulent  Boundary  Layer  with  Injection  aid  Combustion 

Preliminary  profiles  of  temperature,  dynamic  pressure,  and  heat  flux 
to  a  cooled  probe  have  been  obtained  through  the  flame  zone  of  a  turbulent 
boundary  layer  with  hydrogen  transpiration  and  combustion.  These  results 
Indicate  that  the  cooled  probe  may  be  used  in  the  flame  zone  for  the 
acquisition  of  turbulent  mixing  and  combustion  data.  An  intensive  effort 
Is  underway  to  obtain  detailed  profiles  of  tenperatune,  dynamic  pressure, 
static  pressure,  concentration,  and  sensor  heat  flux  across  the  turbulent 
boundary  layer  and  through  the  flame  zone. 

Supersonic  Conbustlon  Boundary-Layer  Facility 

A  supersonic  boundary  layer  channel  with  an  open  jet  section  has 
been  installed  and  Is  undergoing  calibration.  The  tunnel  plenum  and 
mixing  chamber  has  been  designed  for  a  total  pressure  of  200  p$1  and  a 
steady  flow  temperature  of  2500°F.  The  Mach  2.5  and  3.0  water-cooled 
nozzle  blocks  are  rated  at  a  stea<fy-state  operating  temperature  of  1500°F 
with  the  capability  of  withstanding  much  higher  temperatures  for  short 
periods  of  time.  U  Is  anticipated  that  the  porous-wall  test  section  and 
injection  manifold  will  be  fabricated  and  installed  during  this  coming  year 
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1.0  INTRODUCTION 


During  the  past  decade,  solid  propellant  rocket  motor  technology  has 
reached  a  high  level  of  capability  for  designing  and  developing  operational 
solid  propellant  rocket  systems.  This  capability  has  been  achieved 
primarily  through  an  extensive  motor  components  testing  program,  wherein 
many  major  tests  have  been  conducted  to  prove  each  design  concept.  As  a 
result  of  this  testing,  empirical  correlations  of  motor  performance  and 
nozzle  thermal  protection  performance  have  been  achieved.  However,  these 
correlations  have  been  largely  restricted  to  the  type  of  propellant  and 
type  of  nozzle  Insulating  material  for  which  they  were  developed  and  have 
not  been  readily  extended  to  new  propellant  formulations  and  new  nozzle 
Insulating  materials. 

Solid-propellant  rocket  motor  performance  and  nozzle  structural 
Integrity  can  be  adequately  predicted  only  if  the  surface  erosion  rate  and 
the  theiTwal  penetration  rates  can  be  accurately  evaluated.  A  fundamental 
requirement  for  the  evaluation  of  these  rates  Is  an  understanding  of  the 
heat  flux  from  the  hot,  usually  turbulent,  boundary  layer  to  the  ablating 
surface.  Task  2  of  Project  THEMIS  is  an  experimental  and  theoretical 
program  of  research  directed  toward  clarifying  some  of  the  basic  mechanisms 
occurring  in  the  turbulent  boundary  layer  with  heat  transfer  and  mass 
Injection.  One  of  the  basic  problems  remaining  to  be  solved  In  rocket 
nozzle  heat  transfer  analysis  Is  the  description  of  the  turbulent  trans¬ 
port  properties  In  the  turbulent  boundary  layer  occurring  on  the  nozzle 
surface. 

Another  area  of  major  Interest  In  propulsion  development,  and  of 
Interest  to  Task  2  of  Project  THEMIS,  Is  the  rapidly  expanding  field  of 
hypersonic  flight  In  the  earth's  atmosphere.  In  fact.  In  recent  years 
the  literature  on  hypersonic  flight  In  the  Mach  6  to  12  range  has  considered 
a  large  variety  of  missions  and  vehicle  configurations  which  have 
Included  some  scheme  *or  eaploylng  air-breathing  propulsion  with  air- 
augmentation  of  recket  motors  or  utilization  of  supersonic  combustion  In 
a  basic  ramjet  cycle,  commonly  classified  as  a  scramjet-  However,  Henryk 


hi*  r* cently  pointed  out  that  of  the  assumptions  on  which  these  studies 
art  hated  have  not  been  substantiated  through  experimental  results.  One  of 
the  basic  problems  which  remains  to  be  explored  is  the  matter  of  how  to 
Inject  the  fuel  to  obtain  uniform  distribution  without  significant  thrust 
penalties  and  undue  flow  disturbances.  Another  major  problem  Is  that  of 
Ignition  when  the  range  of  operation  of  the  supersonic  combustor  extends 
toward  the  low  flight  Nad)  number  regime. 

To  gain  further  Insight  Into  solutions  for  these  problems  in  both 
solid-propellant  rocket  technology  and  supersonic  combustion,  e  means  must 
be  developed  by  which  local  flow  characteristics  such  as  velocity,  temper¬ 
ature,  concentration,  and  turbulent  transport  properties  may  be  obtained. 
Recently  developed  constant  temperature  anemometry  equipment  with  cooled 
film  sensors  may  be  suitable  for  obtaining  such  Information.  It  has  been 
the  objective  of  Task  2  to  pursue  the  study  of  (1)  uncooled  hot  film 
sensors  In  turbulent  boundary  layers  with  mass  transfer,  and  (2)  cooled 
film  sensors  In  combustion  zones  of  turbulent  boundary  layers  with  hydrogen 
injection.  It  Is  anticipated  that  the  use  of  the  cooled  probe  will  be 
extended  to  supersonic  combustion  phenomena. 

The  results  of  this  program  will  be  two-fold*,  first,  the  character¬ 
istics  of  a  subsonic  turbulent  boundary  layer  with  mass  transfer,  heat 
transfer,  and  combustion  will  be  better  understood.  Second,  the  capabil¬ 
ities  of  the  hot  film  sensor,  both  uncooled  and  cooled  will  be  better 
understood.  In  fact,  the  uncooled  hot  film  sensor  has  been  shown  to  be  a 
reliable  means  f c  '  obtaining  information  concerning  turbulent  flow 
quantities  in  low  temperature  environments.  In  addition,  methods  have 
been  developed  for  utilizing  the  un coo led  hot  film  senior  ir  a  region  of 
varying  concentration  of  a  turbulent  boundary  layer  to  obtain  many  of  the 
characteristics  of  the  boundary  layer. 

These  results  will  be  reviewed  with  a  discussion  of  the  preliminary 
results  obtained  with  the  cooled  probe  In  the  combustion  zone. 

Finally  the  present  status  of  the  susersonlc  facility  will  be 
reviewed. 


2. C  SUBSONIC  TURBULENT  BOUNDARY  LAYER  WITH  HEAT  AND  MASS  TRANSFER 


2. 1  Transpired  Turbulent  Boundary  Layer  with  Beat  Transfer 

While  the  first  phase  of  this  project  was  underway  prior  to  the 
Initiation  of  Project  T1&MIS,  Its  foundation  is  pertinent  to  our  present 
program.  This  '■esearch  was  conducted  by  S.  J.  AlSajl  and  has  been  re¬ 
ported  In  detail  In  his  dissertation,^  Several  aspects  of  his  results 
will  be  discussed. 

The  purpose  of  his  project  was  to  study  the  effects  of  transpl ration 
and  heat  transfer  on  a  turbulent  boundary  layer  upon  a  flat  plate. 
Particular  attention  was  devoted  to  (1)  development  of  a  universal  temper¬ 
ature  inner  lay  and  a  temperature  defect  law  and  (2)  deveTopmer;  of  a 
mathematical  model  and  approximate  analytical  solution  for  the  Spalding 
function  relating  the  surface  heat  transfer  to  the  skin  friction  with 
mass  transfer. 

The  temperature  Inner  law  ar*d  the  temperature  defect  law  are  expres¬ 
sions  from  which  the  local  static  temperature  In  the  turbulent  boundary 
layer  may  be  determined  for  a  particular  distance  from  the  surface.  For 
mass  Injection  into  the  boundary  layer,  the  blowing  velocity  must  be 
known  In  addition  to  the  surface  skin- friction.  The  development  of  these 
laws,  and  corroborating  data,  wl  11  be  presented  tu  this  section. 

The  flow  &sde!  was  the  turbulent  boundary  layer  cn  a  semi -Infinite, 
smooth,  porous  flat  plate  immersed  In  a  uniform  stream  of  fluid.  This 
flow*wa$.  simulated  on  the  top  will  of  the  subsea  1c  combustion  wlndT  tunnel 
In  the  Thermal  Science  Laboratory  of  the  Department  of  Mechanical 
Engineering.  Air  was  used  both  as  the  fluid  In  the  mainstream  and  as  the 
fluid  Injected  through  the  porous  wall.  The  midstream  velocity  was  kept 
constant  at  2$  feet  per  second,  and  the  rate  of  transpiration  was  nlsn 
kept  constant  along  the  axial  distance. 

Measurements  were  made  within  the  boundary  layer  at  several  stations 
along  Its  axial  length.  The  mean  velocity  profiles  were  measured  by  use 
of  pitot  tubes  and  with  hoi-film  sensors,  The  longitudinal  turbulent 
intensity  was  also  measured  by  means  of  the  hot-file  technique  Mean- 
temperature  profiles  were  obtained  by  use  of  a  swll-bend  thermistor. 


The  data  on  the  untranspired  turbulent  boundary  layer  were  used  to 
determine  the  nature  of  the  flow  in  the  tunnel  and  to  proviot  a  basis  of 
comparison  for  the  transpires  data.  A  universal  iaw  of  the  wall  and  a 
universal  velocity-defect  law  were  obtained  for  the  non tra ns pi  red  case. 

It  was  concluded  that  the  boundary  layer  was  two-dimensional 

The  mean-velocity  profiles  for  the  isothermal  transpired  boundary 
layer  and  the  transpired  boundary  layer  with  heat  transfer  were  correlated 
In  the  form  of  Stevenson's  law  of  the  wall,^’  ^  and  the  modified 
velocity-defect  law. 6; 

The  mean- temperature  profiles  for  the  transpired  turbulent  boundary 
layer  were  correlated  in  the  fora  of  a  temperature  inner  law,^  and  a 
temperature  defect  law,  ^  These  results  have  been  submitted  for  publica¬ 
tion.^*  10> 

2.2  Temperature  Inner  Lou  for  Turbulent  Boundary  Layers  with  Transpiration 

The  mean- temperature  profile  of  the  untranspired  turbulent  air 
boundary  layer  on  a  flat  plate  is  exposed  by  a  temperature  inner  law, 
which,  for  a  moderate  temperature  difference,  it: 

t 

-  *  -  constant  {1 ) 

q 

wh°re  r  is  the  local  she’*-  stress,  q  Is  the  local  heat  flux  in  the  normal 
direction,  and  the  subscript  w  denotes  these  quantities  evaluated  at  the 
wal  1 . 

In  the  Inner-law  region  for  untranspired  turbulent  boundary  layers, 
isixlng  length  fcheorles,^’^  indicate  that  the  mean  temperature  profile 
is  correlated  as 
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ana  y  is  the  distance  normal  to  the  surface.  We  shall  show  that  a  temper¬ 
ature  inner  law  for  turbulent  boundary  layers  with  mass  transfer  and 
surface  heat  transfer  may  be  developed  which  reduces  to  Equation  (2)  as 
a  special  case  and  which  is  predicted  from  experimental  results. 

The  energy  equation  for  the  turbulent  incompressible  boundary  layer 
on  a  flat  plate  may  be  written  as 
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However,  in  the  inner  region  of  the  boundary  layer,  where  the  turbulent 
thermal  conductivity  k^  is  much  larger  than  the  molecular  th  final 
conductivity  k.  Equation  (8)  may  be  written 
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Therefore,  Equation  (1)  for  the  inner  region  yields 
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and  Pr  Is  the  turbulent  Prandtl  number. 
Equation  (10)  may  thus  be  written  as 
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at  Prandtl  mixing-length  concepts,  the  turbulent  shear  stress  may 
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in  the  inner  region  of  the  turbulent  boundary  layer,  the  shear 
is  given  by 
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tlon  of  these  results  yields  an  expression  for  the  turbulent 
conduct! vi ty  in  the  form 
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ay  Equation  (12),  the  heat  flux  ^ay  be  written 
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traducing  Prandtl *s  proposed  relationship  for  the  mixing  length, 
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r  Couette-flcw  boundary- layer  approximations,  which  are  applicable 
case,  the  energy  equation  may  be  written  as 

d 


o  c„  v 


dT 


'p  ’  dy  ’  “Hy 

Jtion  of  q  from  Equation  (18)  yields 
rw 


(q)  • 


(19) 


0  c  v 

P  * 


diT^  -  I)  c  ‘  T  ,  ,  d(T  -  T) 

ht  <;rW  (--%-) 


dy 


=  p 


*V  X 


(20) 


b-6 


After  integration  and  rearrangement,  Equation  (20)  becomes 
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where  Cj  Is  a  constant  of  integration. 

Integrating  again  and  resrrargtng  yields  the  results 
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where  is  a  constant  of  integration. 

Since  the  shear  stress  at  any  point  in  the  boundary  layer  Is  given 
by 

T  •  TW  ’  W  •  (23) 

we  may  write,  from  Equations  (23)  and  (1) 
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If  Equations  (24)  and  (16)  are  valid  at  the  same  time,  then  C-j  *  » 

v 

and  Equation  (22)  can  be  written  as 
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With  ut  defined  as  (t^/'p)^.  Equation  (25)  becontes 
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Defining  the  non-dimensional ized  temperature  as 
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If  the  turbulent  ?mndfcf  number,  Pr.,  is  assumed  to  be  unity » 
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Equation  (28)  becomes 
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which  is  the  temperature-inner- law  equation  for  the  transpired  turbulent 
boundary  layer.  This  reduces  to  the  non-transpiring  temperature  inner 
law  for  the  case  when  v  *  0.  It  should  be  noted  that  this  expression 
applies  with  touette -flow  approximations,  where  the  pressure  gradient  is 
zero  in  the  axial  direction,  the  untranspired  turbulent  boundary  layer  is 
in  equilibrium,  and  the  convective  energy  term,  pc  u  3T/3x  Is  neglected. 

r 

The  local  skin  friction  coefficient  was  obtained  from  the  experimental 
results  correlated  in  the  form  of  the  velocity  law  of  the  wall  for  trans- 
plration,  while  the  local  wall  heat  flux  was  obtained  from  an  energy 
balance  across  the  injection  hoods.  With  these  parameters  experimentally 
determined,  the  temperature  data  were  plotted  as  a  function  of  the  reduced 
temperature  t  and  injection  velocity  v ,  for  the  corresponding  non- 

-f  ” 

dlmensionalized  distance,  y  =  y  uyv,  for  three  values  of  the  injection 
parameter,  F  =  P^y/Pg^-  These  are  shown  in  Figures  1,  2,  and  3.  Note 
that  the  turbulent  Prandtl  number  has  been  set  to  unity.  These  results 
indicate  that  the  temperature  inner-law  correlation  may  be  obtained  in  the 
form 


2u  ,  , 

~  [  (1  +  ~  t  )  ‘  -1]  versus  y+. 
w  1 

The  figures  also  imply  the  universality  of  the  temperature  inner  law  for 
different  x  positions  and  for  various  transpiration  rates.  The  logarithmic 
portions  of  Figures  ls  2,  and  3  yield  the  value  of  0.464  for  the  constant 
K  and  a  value  of  -6.20  for  the  value  of  D. 
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Experimental  non-dimensional  temperature  plotted  versus  non-dimensional i zed  distance 
indicating  temperature  law  of  the  wall.  F  *  p..v../o,u,  =  2.96  x  10*3.  T,  =  535  R 


Figure  2.  Experimental  non-dimensionallzed  temperature  plotted  versus  non-dimensional ized 
distance  indicating  temperature  law  of  the  wall.  F  =  p  v  yp,u,  =  10~3.  T,  =  53' 


2,3  Temperatur:  Defect  Lav  foe  the  Turbulen .  Boundary 
Layer  with  Tmnspir-t' on 

An  expression  is  presented  for  the  mean  temperature  distribution  in 

the  outer  region  of  turbulent  boundary  layers  with  injection  of  heated 

gas  through  a  porous  wall.  The  equation  presented  shows  agreement  with 

experimental  results  obtained  with  heated  air  Injected  across  a  porous 

plate  Into  a  subsonic  air  turbulent  boundary  layer. 

The  equation  for  the  temperature  distribution  through  the  inner 

region  of  a  turbulent  boundary  layer  with  transpiration  and  heat  transfer 

(2  9) 

derived  from  mixing-length  theory,  may  be  written  asv  *  ' 
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where  K  is  the  von  Karman  constant  in  the  mixing-length  theory  and  D  is, 
in  general,  a  function  of  v  ,  u  ,  and  Pr  .  v  is  the  blowing  velocity 

W  T  v  j  w 

normal  to  the  porous  surface,  u  *  (r/c)  )*  is  the  friction  velocity 

4-  T  r?  W 

at  the  wall,  and  t  =  o  cnu  /q  (T  -  T)  is  a  non-dimensional 1  zed  temperature. 

W  P  T  W  W 

Prt  is  the  turbulent  Prandtl  number. 

For  a  turbulent  boundary  layer  over  an  impermeable  surface  with  zero 
pressure  gradient  and  with  heat  transfer,  Johnk  and  Hanratty^  and 

la) 

Brundrett  and  Burroughs1  1  postulate  for  the  inner  region  a  relationship 
of  the  form 

t  «  A  £n — +  B,  (2) 

in  addition,  Johnk  and  Hanratty^  Indicate  that  a  re’Hionship  of  the  form 

tj  -  t+  »  f(y/6t)  .  (3) 

where  t ^  is  t+  evaluated  at  the  free-stream  temperature,  may  be  applicable 

over  the  outer  region  of  the  boundary  l*yer.  Hence,  if  apy  overlap  exists 

between  the  inner  and  outer  regions  of  the  boundary  layer,  the  arguments 

of  ftUHkan^^  would  indicate  that  the  equation  for  the  mean  temperature 

distribution  in  the  Inner  and  outer  regions  of  the  turbulent  boundary  layer 

with  heat  transfer  (but  without  transpiration)  should  be  of  the  form 

yu 

t-j+  *  A  in  [—■)  *  $(y/ij.)  (A) 
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where  ${y/<$t)  is  a  universal  function,  having  the  constant  value  $(G) 
throughout  the  Inner  region. 

It  fellows  that 

yU 

t,*  -  t+  «  -A  in  (~)  +  *(1)  -  ♦  (*-)  «  f{y/«t)  (5) 

t» 

Is  the  temperature  defect  law  in  the  outer  region  of  the  boundary  layer* 
whereas 

t+  *  A  in  (~~)  +  *{0)  (6) 

is  the  law  of  the  wall  for  the  temperature  distribution  through  the  inner 
region. 

In  the  case  with  injection  into  the  boundary  layer  with  a  heated  wall, 
these  relationships  must  be  modified  to  take  Into  account  the  heat 
transfer  due  to  the  finite  transpiration  velocity  at  the  wa1!.  When  the 
external  pressure  gradient  Is  zero,  the  temperature  inner-law  with  injection 
is 
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yu 

u  )’  -  1]  ■  A  +  B  (7) 


W  T 

The  equation  for  both  the  Inner  and  outer  regions  may  now  be  written  as 

yuT 

-)  -  -  i  j  3  «  in 
't 


2u  v  t  .  ju 

X  [(,  ♦  -2-1*  -  13  “  A  In  --  ♦*!/-)  (8) 

t  W  T  t 


where  B  of  Equation  (7)  is  equal  to  ♦(0). 

It  follows  that 

fi-V  CO  ♦  -  0  +  ~~fa  •  -A  tr.  (*-}  ♦  t(l)-  e(f-) 

t  W  T  T  t  t 


-  F(y/«t) 

This  expression  may  be  described  as  a  "modified  temperature  defect- law  with 
injection  and  zero  pressure  gradient." 
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Stevenson*5*  6) 


plots  the  function 


l^co  trui)'<‘  ('  ♦ru)'5>  F(»/Jt)  ('■<» 

W  T  T 

against  (y/«t0)for  various  values  of  x  for  the  case  of  Injection  on  an 

axlsyasneirlc  surface  and  for  a  flat  plate  and  shows  that  for  the  velocity 

field,  F(y/6f  )  Is  a  universal  function.  Stevenson  defined  the  term 

xo 

60  as  the  value  of  y  at  which  the  left-hand  side  of  Equation  (10)  Is 
equal  to  unity. 

Following  this  procedure  we  shall  define  6.  for  Prfc  *  1  as  the 
value  of  y  at  which  ° 


(ID 


A  comparison  with  experimental  results  will  now  be  presented.  It  can 
seen  from  Equation  (9)  that  the  results  should  fall  onto  one  curve  when 
the  term 


UT 


(1  ♦ 


02) 


is  plotted  against  y/at  ,  Figures  4  and  5  present  results  obtained  from 
the  experiments  reported  by  AlSajl.*2^  These  results  collectively  Imply 
that  Is  a  universal  function  at  least  for  constant  Prf. 


2.4 


Effects  of  Wall  T  perature  cm  Longitudinal  Turbulent  Intensity 

The  longitudinal  turbulent  intensity  for  the  transpired  turbulent 
boundary  layer  with  heat  addition  was  calculated  from  the  single  hot-film 
constant -temperature  anemometer  data.  These  <*esLlts  are  presented  in 
detail  in  reference  (2).  Comparison  of  the  parameter  »'uT^’  /  u  versus  y 
/  i  when  the  wall  was  heated  wit.,  the  results  for  the  unheated  wall,  for 
the  same  transpiration  rate,  shows  that  heat  addition  certainly  increases 
the  longitudinal  intensity.  For  a  transpiration  rate  of 
F  =(p  v  /o-jU,)  =  6.26  x  10-3,  an  -jncnedSe  0f  12.5%  at  the  wall  is  indicated 
while  the  effect  diminishes  as  y/6  approaches  0.50.  The  thermal  uoundary 
layer  extends  out  to  approximately  y/6  of  0.50. 

The  data  for  the  transpired  turbulent  boundary  layer  with  heat 
addition  clearly  indicate  that  the  increase  in  the  longitudinal  turbulent 
intensity  is  dependent  on  both  the  blowing  rate,  (p^v^/o^u^),  and  the 
temperature  difference,  T  -  T.  It  should  be  mentioned  that  heat  addition 
will  decrease  the  dens’fy  at  the  wall,  p  ,  which,  in  turn,  causes  an 
increase  in  the  transpiration  velocity  at  the  wall,  v  .  This  result  would 
seem  to  cast  doubt  on  the  results  of  recent  studies'  8'  which  attribute 
increased  turbulent  levels  near  the  wall  in  burning  boundary  layers  to  the 
combustion  process  itself. 


2.5 


Behavior  of  Bot-FiUn  Sensors  in  the  Turbulent  Boundary 
Layer  with  Isotherm l  Foreign- Gas  Injection 


The  hot-wire  a r  mom*. ter  and  the  more  recently  developed  hot-film 
sensor  have  become  important  tools  in  measuring  both  roan  values  and 
fluctuations  of  various  phenomena  in  fluids.  Many  of  the  limitations  of 


anemometry  methods  are  well-known,  but  many  are  also  overlooked,  whether 
known  or  unknown.  One  of  the  latter  is  the  difficulty  of  obtaining  data 


by  which  the  experimenter  may  distinguish  among  the  various  factors 
effecting  the  probe:-  velocity,  temperature,  and  composition.  Measure¬ 
ments  tn  an  isothermal  boundary  layer  composed  only  of  air  are  straight¬ 
forward.  However*  If  concentration  variations  are  significant  across 
the  boundary'  layer,  the  sensor  behavior  is  more  complex. 


The  purpose  of  this  phase  of  the  program  which  was  conducted  by  T.  H. 
Snsitf^30^  and  supported  in  part  by  Project  THEMIS ,  was  to  determine  the 
stnscr  response  to  simultaneous  variations  of  velocity  and  concentration, 
turbulent  boundary  layer  with  foreign- gas  injection  provided  an  excellent 
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Hsnt  for  the  studies*  since  a  great  number  of  differing  concentration 
he  boundary  layer  were  readily  available.  Hydrogen-nitrogen  mix- 
re  chosen  as  the  injectants,  with  concentrations  ranging  from  pure 

to  ure  nitrogen.  This  choice  was  made  because  of  an  unusual 
■  of  hydrogen-nitrogen  or  hydrogen-air  mixtures.  f”or  these  mix- 
here  ^s  a  very  sharo  minimum  in  the  mixture  molecular  Prcidtl 
t  intermediate  concentrations. 

hot-film  sensor  was  treated  as  a  miniacure  heated  cylinder.  The 
.isfer  from  the  cylinder  in  the  environment  described  above  was 
ated. 

revious  War* 


re  appears  to  have  been  no  directly  applicable  work  done  previously 

specific  subject.  However,  the  foreign-gas  injected  turbulent 

(12-19) 

layer  has  been  investigated  by  many  workers.  Hot-wire 

.  .  .  .  .  ,  .  .  .  (20) 

was  treated  extensively  in  a  theoretical  paper  by  Corrsm. 

contributions  toward  combating  problems  of  anemometry  are  also 

ej2l,  2.-,  23,  <-4)  Each  of  these  investigations  was  of 

cc-  in  the  present  unifying  study. 


heory  of  Hct-Film  Sensor  Behavior 

behavior  of  the  hot-film  sensor,  a  small  ceramic  cylinder  coated 
d  and  platinum  and  a  protective  quartz  film,  was  investigated 
cally.  The  results  are  directly  applicable  to  constant-temperature 
?r  systems  with  associated  linearizers.  The  linearizer  squares 
age  signal  from  the  anemometer  twice,  giving  a  velocity- related 


implified  analysis  for  ar  isothermal  air  environment  was  presented, 
ng's  equation  for  the  heat  transfer  law: 

P  =  A  +  R  v  U  (ls  -  Te)  (1) 

P  *  power  dissipated  from  sensor 
0  -  velocity 

Ts  -  sensor  operating  temperature 

r  -  environment  temperature 

A,  8  =  constants  related  to  fluid  properties  and 
sensor  geometry 
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and  the  bars  denote  time-averaged  quantities. 
It  was  verified  that  for  this  case 


u' 


h  u 


(2) 


where 


m5  =  root-mean-square  of  linearizer  fluctuations 
M  *  time-averaged  linearizer  output 
u*  *  rcct-mean-square  velocity  fluctuation 
The  mean  response  of  the  sensor  in  an  environment  with  velocity  and 
concentration  fluctuations  was  derived  using 


Hu  -  0.4?  hr0,20  +  0.57  Pr0,33  Re  °‘50 


(3) 


for  the  basic  heat  transfer  relationship,  where 


Pr  -  Prandtl  number  =  y  C  /K 
Nu  -  Husselt  number  *  hd/K 


Re  -  Reynolds  number  =  pUd/p 
d  sensor  diameter 

The  following  expression  was  shown  to  express  the  sensor  power  dissipation: 
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ua  +  9  (r)A  y 


(4) 


where 


*  time-averaged  bridge  voltage 
Rs  =  sensor  operating  resistance 
R,  =  internal  anemometer  resistance  in  bridge  leg 
R  »  resistance  of  extern 

XC 

and  the  rest  of  the  notation  is  as  in  Corrsin 


R  ■  resistance  of  external  circuitry  except  sensor 
xc  (20) 


;  1 
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The  fluctuating  response  of  the  sensor  was  shown  to  be 


where  A-j  and  B-j  art  constants  related  to  fluid  properties  and  the  rms 
signifies  the  root-mean-square  of  the  expression  in  the  braces.  It  is 
seen  that  two  new  terms  arise  due  to  the  concentration  fluctuations, 
y*  and  the  cross  term  yu. 

It  has  been  shown  that  Equation  (5)  reduces  to  the  simple  Equation 
(2)  for  an  air-only  boundary-layer  environment. 


2.5.3  Apparatus  and  Procedure 

The  subsonic  wind  tunnel  of  the  Thermal  Science  Laboratory,  with  the 
7“  x  7H  x  8'  test  section  was  used  for  these  studies.  Two  12l(  x  6'1 
porous  plates  formed  part  of  the  test  section  top  wall.  Various  gases 
were  Injected  through  the  plates  into  the  boundary  layer.  Hoods  erected 
over  the  plates  insured  even  distribution  of  the  injectant.  The  free 
stream  velocity  was  25  ft/sec,  and  the  temperature  was  approximately  am¬ 
bient. 

Six  different  injectant  cases  were  studied.  The  injectants,  symbolic 
designations,  and  injection  rates  F  =  (pV)^ (pU)$,  were  as  follows; 


INJECTANT 

DESIGNATION 

RATE  F 

none 

Z- 

0 

air 

A- 

6.4  x  10” 

hydrogen 

H- 

3.5  x  10”4 

nitrogen 

N- 

6.2  x  10'3 

hydrogen  (2.2%  by  mass) 
in  nitrogen 

NH- 

5.8  x  10' 3 

hydrogen  (7.0*  by  mass) 

NH- 

4.3  x  1 0" 3 

in  nitrogen 


For  each  case,  several  basic  quantities  were  measured  at  22  points  through 
the  boundary  layer  at  a  given  point  68s1  downstream  from  the  initiation  of 
the  turbulent  boundary  layer.  Dynamic  pressure  was  measured  with  a  Pitot 
probe  and  micromanometer,  and  the  temperature  with  a  thermocouple  bead 
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and  potentiometer  (to  verify  thermal  equilibrium  and  uniform  temperature 
across  the  boundary  layer).  Concentration  samples  were  extracted  and 
analyzed  using  a  gas  chromatograph.  The  power  dissipation  from  the  hot- 
film  probe  was  measured  and  the  llnearlzer  Indications  cf  velocity  and 
turbulence  level  (neither  of  which  accounts  for  concentration  effects)  were 
obtained.  A  true  rms  voltmeter  was  used  to  obtain  the  turbulence  level 
from  the  linearizer  output. 

2.5.4  Results 

The  data  were  reduced  using  the  University  of  Utah  Univac  1108 
digital  computer  facilities.  Profiles  of  velocity,  concentration,  power 
dissipation,  and  linearizer  output  mean-value  and  fluctuation  intensity 
were  determined.  Thermal  conductivity  and  viscosity  of  the  gas  mixture  at 
each  location  in  the  boundary  layer  were  calculated,  together  with  the 
constant  pressure  specific  heat.  The  behavior  of  the  molecular  Prandtl 
number  across  the  boundary  layer  Is  presented  In  Figure  6.  Power  dissipation 
and  sensor  loss  correction  profiles  gave  Nusselt  number,  Nu,  profiles.  The 
experimental  values  of  the  Nusselt  number  were  compared  with  those  pre¬ 
dicted  by  Equation  (3),  with  very  good  agreement  being  found,  A  Gaussian 
least-squares  curve-fitting  of  the  Nusselt  number  expression 

Nu  *  f(Re,  Pr)  (6) 

In  the  form 


yielded  the  expression  n  n  097 

Nu  =  1.000  Re0*'55*  Pru*'5*/  ,  (8) 

( 25) 

compared  with  the  literature  value'  1  of 

Nu  =  0.9031  Re0*385  Pr0'31  .  (9) 

The  experl menta1  power  dissipation  profiles  were  compared  with  those 
predicted  by  an  equation  bas°d  on  Equation  (4),  again  with  good  agreement. 
Finally,  the  experimental  velocity  profiles  were  found  to  compare  favorably 
with  those  predicted  using  power  dissipation  profiles  and  Equations  (3)  or 
(4). 

The  profiles  of  dimensionless  linearizer  output, H/MK {anal ogous  to 
velocity  when  no  concentration  effects  are  present)  and  power  dissipation, 
P/P», showed  a  dramatic  effect  of  concentration  at  distances  less  than  0.4 
inches  from  the  wal!.  (see  Figures  7  and  8)  An  investigator  Ignoring  the 


Dimensionless  llnearizer  output  compared  with  velocity  ratio  U/U»  for  a  turbulent 
boundary  layer  with  foreign-gas  Infection. 


Dimensionless  power  dissipation  from  a  constant  temperature  hot-film  sensor  across 


effec+s  of  concentration  on  the  sensor  behavior  and,  therefore,  upon 
linearizer  output  would  be  led  to  gross  errors  in  his  velocity  profiles, 
whereas  Equations  (3)  and  (4)  and  the  velocity  profile  prediction  mention¬ 
ed  earlier  lead  to  very  good  agreement  with  the  true  velocities* 

Figures  9  and  10  show  the  concentration  effects  upon  the  turbulence 
levels  m'/M“  and  m'/M,  respectively,  indicated  by  the  linearizer  and  an 
rms  voltmeter.  It  is  seen  that  although  case  H-  ha*  by  far  the  lowest 
injection  rate  (from  which  one  might  suppose  it  to  show  the  lowest 
turbulence  readings),  it  generally  has  the  highest  indicated  turbulence 
intensities  for  y  <0.3  inch.  This  is  in  qualitative  agreement  with 
Equation  (5)  which  indicates  the  effect  of  concentration  fluctuations 
upon  the  turbulence  intensity  m'/M*. 

The  conclusion  may  thus  be  drawn  from  the  experimental  evidence  of 
this  section  and  the  accompanying  theory  that  an  investigator  ignoring 
concentration  effects  upon  the  sensor  would  make  errors  i  i  the  velocity 
and  turbulence  intensity  profiles  of  such  magnitudes  as  to  seriously 
affect  the  validity  of  his  results.  The  errors  are  significant  even  for 
as  little  as  2.2 %  b>  weight  of  hydrogen  in  the  Injectant.  This  conclusion 
suggests  that  further  consideration  be  given  the  data  of  Wooldridge  and 
Muzzy^9^  in  which  concentration  effects  were  ignored  for  4X  by  weight 
hydrogen  mixtures  with  nitrogen. 

It  has  also  been  shown  that  the  hot-film  sensor  may  be  used  to  obtain 
power  dissipation  measurements  which,  when  used  with  Equations  (3)  or  (4) 
and  concentration  profiles,  obviate  the  need  for  time-consuming  dynamic- 
pressure  measurements  except  as  an  additional  check  on  the  data. 

2,6  A  New  'Turbulent  Prandtl  Number  Determination  Method  for 
Injected ,  Variable-Property  Flow 

The  need  for  additional  data  clarifying  the  behavior  of  the  turbulent 
Prandtl  number  across  the  boundary  layer  has  been  mentioned  by  Kestin  and 
Richardson'^  an(j  5y  Spalding.^  The  turbulent  Prandtl  number  may  be 
defined  as  p^fy)  ,  yy)  ^(yj/yy)  ;  (10) 


b- 25 


with  foreign-gas  Injinctlon* 


where 


eddy  vlseosit. 


cH(y)  s  eddy  conductivity 

In  Equation  (10)  ^  and  are  turbulent  counterparts  of  the  molecular 
viscosity  and  thermal  conductivity,,  respectively .  They  are  functions 
not  only  of  the  fluid  properties  but  also  of  the  flow  characteristics.  X- 
wire  probes  are  usually  employed  to  measure  these  quantities,  but  this 
method  Is  complex  and  may  be  Inaccurate,  especially  near  the  wallJ^ 

An  alternate  method  has  been  devised  through  integration  of  ‘S.  ’-'Opiev 
turbulent  equations  of  continuity,  momentum,  and  energy.  The  method  re¬ 
quires  only  mean  velocity  and  temperature  profiles,  is  applicable  to 
variable  property  fluids,  and  includes  the  injection  of  air  or  of  foreign  gases. 
Mean  concentration  profiles  are  required  with  foreign-gas  injection.  A 
computer  program  has  been  written  which  evaluates  the  velocity  component 
perpendicular  to  the  wall,  the  turbulent  shear  stress,  the  t^’buiefit 
heat  transfer,  the  eddy  viscosity  and  conductivity,  and  iht  turbulent 

Prandtl  number,  al \  as  a  function  of  the  distance  from  t«te  wall.  Data 
(o) 

of  AlSaji'  for  air  injectior  with  a  heated  wall  vrrr  need  i r  input  to 
the  'computer  program,  and  good  results  were  obtained,  (see  figures  11  and 
12). 

Z„'7  A  Sev  Method  for  Determining  Skin  Fri-rHcn  in  i  ‘  .c  CiC’O  u  Ac r  ■ 

Boundary  Layer  with  Foreign- Gob  Injection 

Determination  of  the  skin-friction  coefficient  in  the  foreign-gas- 

injected  boundary  layer  is  quite  difficult.  Extrapolation  of  velocity 

profiles  to  the  wall  gives  poor  accuracy,  as  does  the  use  of  the  momentum* 

Integral  method 

A  new  method  has  been  devised, based  -yr«  the  o  or  ponding  approach  of 

I  ■>} 

Stevenson'  1  for  air  injection.  Stevenson's  was  based  on  the  "law 

of  the  well*  equation  tor  the  inner  region  in  which  the  skin  friction  appears 

implicitly.  The  present  method  is  based  on  a  corresponding  inner  law  for 

the  foreign-gas -injected  boundary  layer  derived  freer,  me  theories  of 

(17)  *  1 « ) 

Spalding,  Auslander,  and  Sundaram  and  of  Rubesin  *nd  Pappas.1  The 
solution  has  been  written  in  a  computer  program  which  may  be  used  for  any 
case  in  which  the  inj octant  is  lighter  than  air.  -she  method  of  solution 
has  also  been  pointed  out  for  the  heavier-than-alr  case  ) 
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Prandtl  number  profiles  through 


Curves  of  the  quantity  U/U®  as  a  function  of  lor^  yU®/v  for  different 
values  of  9  specified  injection  rates  have  been  plotted  (Figure  13) 
for  hydrogen  injection.  The  subscript  w  denotes  the  value  at  the  wal 1 . 

To  use  the  graphs,  one  plots  a  few  experimental  values  of  U/U*>  versus 
log1Q  yU«/v  on  the  chart  corresponding  to  the  experimental  flow  rates; 
interpolation  between  two  graphs  may  be  necessary.  The  points  fall  between 
two  of  the  c^  curves,  whereupon  interpolation  gives  the  estimated  skin- 
friction  coefficient.  Values  of  the  skin-friction  coefficient,  cf,  for 
the  case  of  nitrogen  Injection  have  been  computed  and  compared  with 
the  values  determined  by  other  methods.  Good  agreement  was  achieved. 

The  method  described  may  also  be  used  to  find  approximate  skin-friction 
coefficient  values  for  cases  in  which  the  injectant  is  a  gas  mixture. 
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3,0  SUBSONIC  TURBULENT  BOUNDARY  LAVER  WITH  INJECTION  AND  COMBUSTION 

Turbulent  boundary  layer- combustion  studies  have  been  initiated  in 
the  Thermal  Science  Laboratory  subsonic  combustion  wind  tunnel.  The  goals 
of  these  studies  are  first;  to  determine  the  response  characteristics  of 
an  internally  cooled  hot-film  sensor  in  the  combusting  turbulent  boundary 
layer  and  second:  to  study  the  character! sties  of  the  boundary  layer 
itself.  In  studying  the  probe,  consideration  will  be  given  to  its  appli¬ 
cation  in  determining  both  mean  flow  quantities  (velocity,  temperature 
and  composition)  and  the  character  of  turbulent  fluctuations  about  the 
mean  values  in  terms  of  magnitude  and  spectral  distribution.  This  program 
is  being  carried  out  by  J.  W.  Jones,  as  his  doctoral  research  project. 

3.1  Equipment 

The  cooled  probe  presently  in  use  is  a  Thermo-Systems  model  HF-52 
modified  to  a  boundary -layer  configuration.  Additionally,  a  multiple 
probe  for  measuring  temperature,  dynamic  and  static  pressure  and  for 
drawing  samples  to  determine  composition  has  been  designed  and  will  soon 
be  constructed.  This  probe  will  allow  simultaneous  measurements  to  be 
made  in  the  same  horizontal  and  vertical  plane.  To  date,  individual 
probes  have  been  used  to  measure  temperature  and  dynamic  pressure. 

The  subsonic  combustion  wind  tunnel  and  associated  mass  injection 
equipment  „sed  is  that  which  has  been  described  in  the  previous  sections 
of  this  report. 

For  data  acquisition  and  analysis  a  Thermo-Systems  series  1050  constant 
temperature  anemometer  with  power  supply,  signal  conditioner,  1  inearl zer, 
temperature  switching  circuit  and  correlator  are  being  used.  The  outputs 
of  the  cooled  probe-anemometer  system  are  simultaneously  recorded  on  a 
Honeywell  7600  magnetic  tape  recorder  and  displayed  on  a  Hewlett-Packard 
Model  3400  A  true  rms  volt  meter.  The  anemometer  system  performance  is 
monitored  on  a  Tektronix  Model  551  dual -beam  oscilloscope.  Mean  quantity 
values  are  read  out  on  a  Honeywell  Model  333  digital  volt  meter.  The 
spectral  distribution  of  turbulent  fluctuations  is  analyzed  by  means  of  a 
General  Radio  type  1800A  ware  analyzer.  All  pressure  measurements  are 
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made  with  a  Miriam  Instrument  mlcromanometer, 

3.2  Test  Prooeck<ps 

To  take  best  advantage  of  previous  work  accomplished  at  our  facility 

,  (?)  (V\\ 

{AlSajl'  '  and  Smith,  'a  tunnel  free-stream  speed  of  25  fps  is  used.  The 
injected  nitrogen- hydrogen  mixtures  give  F  values  on  the  order  of  those 
used  In  the  non-combustion  foreign  gas  Injection  studies  reported  in  the 
previous  sections. 

Testing  procedures  are  as  follows.  The  instrumentation  reference 
values  and  calibrations  are  checked.  The  tunnel  is  started  and  the 
flow  velocity  established.  The  injection  is  started  and  the 
nitrogen  and  hydrogen  flow  rates  established.  The  injected  mixture  is 
then  Ignited  In  the  tunnel.  Once  initiated,  the  combustion  in  the  boundary 
layer  over  the  porous  plates  is  self-sustaining.  The  tunnel  is 
allowed  to  run  until  the  plates  reach  thermal  equilibrium.  This  is 
determined  by  monitoring  the  output  of  thermocouples  imbedded  in  the  porous 
plates.  It  should  be  noted  here  that  there  is  a  considerable  temperature 
gradient  axially  along  the  first  plate.  However,  temperatures  along 
the  second  plate  are  relatively  constant  {+  30°F).  All  boundary-layer 
profile  measurements  are  obtained  at  a  point  midway  in  the  second  plate, 
(see  Figure  14).  The  y-distances  are  measured  from  the  plate  surface,  the 
x-dlstance  from  the  point  of  initiation  of  the  turbulent  boundary- layer 
and  all  the  present  profiles  are  on  the  lateral  centerline  of  the  test 
section. 

3.3  Test  Results 

To  date  all  tests  have  been  run  at  U®  *  25  fps.  Preliminary  tests 
have  been  conducted  to  determine  the  injectant  rates  and  composition  which 
will  provide  a  combustible  mixture.  It  was  found  that  if  combustion  was 
initiated  with  the  free-stream  velocity  decreased  to  about  U®  =  14  fps 
and  gradually  Increased  to  the  test  U®  *  25  fps  a  mixture  with  -2%  by  mass 
hydrogen  with  F  «  8.24  •  10“ 3  would  give  seif-sustaining  combustion.  Most 
tests  to  date  have  been  run  with  ~  3%  by  mass  hydrogen  mixture  with 
F  *  11.9  x  10"3.  Future  tests  will  extend  the  range  of  mixtures  used  In 
both  composition  and  injection  rate. 

The  cooled  probe  has  been  used  with  both  water  and  nitrogen  employed 


as  a  coolant.  The  nitrogen  coolant  gives  greater  sensitivity  but  cannot 
be  used  In  high  temperature  regimes  In  the  present  probe.  On  the  other 
hand,  the  cooling  capacity  of  the  water  is  such  that  the  probe  may  be 
used  through  the  combustion  zone.  However,  with  water  cooling,  the 
present  probe  Is  not  sensitive  to  a  change  of  velocity  at  the  low 
(U»  s  25  fps)  velocities  presently  being  used.  This  does  have  an  advant¬ 
age  for  the  present  in  that  it  eliminates  one  variable  in  interpreting  the 
probe  output.  Temperature  fluctuations  are  sufficiently  strong  that 
the  water-cooled  probe  has  very  adequate  sensitivity  in  a 
combustion  environment.  Other  possible  cooling  fluids  are  being  considered. 
Examples  of  probe  output  are  shown  In  Figure  15.  As  the  rate  of  energy 
received  by  the  sensor  (or  given  up  by  it,  depending  on  the  relationship 
of  the  probe  surface  temperature  to  the  environment  temperature)  is 
dependent  on  local  concentration  as  well  as  temperature,  the  fluctuations 
shown  are  not  solely  due  to  temperature.  Observation  of  these  traces 
show  a  basic  change  in  the  character  of  the  phenomena  with  distance 
normal  to  the  surface.  In  cooler  regions  of  the  flow,  the  traces  show  a 
predominately  high  power  dissipation  with  spikes  which  indicate  "bursts'1 
of  higher  temperature  gas  brought  to  the  probe  by  turbulent  motion.  In 
hotter  regions  of  the  flow  the  trace  shows  a  predominantly  lower  power 
dissipation  level  with  spikes  in  the  opposite  direction  indicating 
"bursts"  of  cooler  gas  passing  over  the  sensor. 

Dynamic  pressure,  temperature,  and  energy  flux  profiles  have  been 
obtained  for  the  case 

(pv)w  *  18.70  x  10"3lbm/hr2sec, 

F  =  11.9  x  10'3  , 
with  an  mjectant  composition  as  follows: 

Mass  Volume 

Hydrogen  2.83%  28.8 % 

Nitrogen  97.1 7%  71.2* 

An  example  of  a  wan  temperature  profile  obtained  with  a  0.012  inch 
diameter  cromel-alumel  thermocouple  probe  is  shown  in  Figure  16.  The 
variation  of  boundary-layer  composition  and  velocity  also  affects  the 
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Figure  15 


.  Typical  oscilloscope  traces  of  the  output  of  the 
water-cooled  film  sensor  in  and  near  the  combustion 
zone.  The  upper  trace  indicates  the  response 
the  probe  Is  outside  the  zone,  while  the  lo*er  trace 
indicates  the  response  of  the  probe  in  the  zone. 


the  thermocouple  readings  and  thus  Figure  16  does  not  give  the  true 
value®  of  the  local  mean  temperature.  It  does,  however,  give  an  important 
first  look  at  the  environment  and  better  than  an  order  of  magnitude  look 
at  the  temperatures.  The  dynamic  pressure  measurements  will  not  yield 
the  velocity  profile  until  the  concentration  profile  is  determined. 

A  significant  benefit  of  the  present  tests  has  been  to  obtain  a 
familiarity  with  the  equipment  and  instrumentation  being  used.  Another 
Important  contribution  is  that  sufficient  data  on  operations  and  environ¬ 
ment  has  been  obtained  to  map  out  continuing  careful  studies  of  both  the 
cooled-probe  and  the  combusting  turbulent  boundary-layer. 


3.4  Continuing  Work 

With  the  use  of  the  multiple  head  probe  mentioned  in  the  equipment 
section  and  the  cooled-probe  anemometer  system,  the  characteristics  of 
the  cooled-probe  will  be  determined.  By  varying  the  probe  surface 
temperature,  coolant  and  the  composition  and  temperature  of  the  boundary- 
layer,  the  effects  of  eofipositlon,  temperature,  and  velocity  on  the  total 
energy  flux  to  the  probe  will  be  studied. In  this  process  a  great 
deal  of  Information  on  the  boundary  layer  behavior  will  also  be  obtained. 

The  distribution  of  turbulent  fluctuations, both  spectrally  and  with  position, 
will  be  studied. 

The  variation  of  total  energy  flux  to  the  probe  is  equal  to  the 
decrease  in  the  amount  of  power  required  to  maintain  the  constant  probe 
surface  temperature  In  turn,  this  energy. flux,  may  be  related  to  the 
probe  environment  by  expression  such  as  those  given  in  References  28  and 
29.  From  Reference  28  for  heat  transfer  to  a  smal1  cylinder,  the  heat 
transfer  correlation  may  be  written  as 


where 


Ntf . 

Re^  P?^ 


2  constant 


Q  s  total  energy  flux 
D  s  probe  diameter 
o  *  local  environment  density 
u  *  local  environment  viscosity 
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Cp  *  local  environment  specific  heat 
k  ■  local  environment  thermal  conductivity 

(h&  *  h^)  *  enthalpy  potential  between  environment 
snd  probe  surface 

From  this  it  is  clearly  seen  that  variations  in  temperature,  yeluLity 
and  pressure  all  interact  to  a  large  ex  ter*  and  affect  the  heat  transfer 
rate.  By  the  means  previously  outlined,  it  is  these  interactions  that 
are  to  be  studied. 

Additionally,  since  heat  transfer  is  the  quantity  of  major  interest 
In  problems  involving  combusting  turbulent  boundary  layers,  the  ability  to 
directly  measure  heat  flux  from  the  environment  provides  a  powerful  tool. 

The  maje**  goals  of  this  work  are  first;  to  gain  sufficient  informatics 
-fi  the  cooled  probe  characteristics  to  determine  its  most  effective  use 
in  this  and  other  combusting  turbulent  boundary-layer  environments,  and 
second;  to  provide  a  better  understanding  of  the  phenomena  occurring 
in  a  combusting  turbulent  boundary  layer. 


4.0  SUPERSONIC  COMBUSTION  BOUNDARY  LAYER 

4J  teHlity 

Tne  growing  interest  in  very  High  speed,  high  altitude  flight  has 
opened  a  new  realm  of  propulsion  analysis.  The  achievement  of  high  speeds 
at  high  altitudes  requires  a  powerful  propulsive  unit  or  engine.  To  date 
the  rocket  has  served  well  in  this  area,  but  as  the  demand  increases  for 
more  efficient  means  of  propulsion,  the  oxygen  of  the  atmosphere  will 
have  to  be  utilized.  This  has  led  to  the  consideration  of  air  breathing 
engines  for  high  supersonic  and  hypersonic  atmospheric  flight  propulsion. 
Studies  have  shown  that  the  potential  performance  of  the  supersonic  com¬ 
bustion  ramjet  (scranvjet)  far  exceeds  the  performance  of  even  the  most 
efficient  chemical  rockets . 

In  order  to  investigate  t-r«  Condi t ions  encountered  and  the  problems 
to  De  overcome  in  this  new  regions*  it  becomes  necessary  to  simulate  these 
conditions  in  a  ground  facility.  Since  no  one  facility  can  reproduce  all 
the  condi i1kelM  to  be  encountered,  it  is  necessary  to  devise 
different  but  complimentary  facilities. 

figure  1?  illustrates  the  general  air  intake  procedure  for  a  typical 
scraiqjet  engine.  The  geometry  illustrates  how  the  simulation  is  possible. 
The  air  in  the  combustion  chamber  has  passed  through  one  or  mors  oblique 
shock  waves  to  decrease  the  speed  from  that  of  the  free  stream  and  to 
Increase  the  static  pressure  and  temperature.  The  free  stream  Hach  number 
is  still  greater  than  1,  hence  the  combustion  process  will  occur  in  a 
supersonic  air  stream. 

M  ' 

A  recent  paper  by  Henryk  *  Indicates  that  the  most  pressing  problems 
to  be  solved  are  concerned  with  Che  processes  of  mixing,  ignition,  and 
combustion  of  the  fuel  and  oxidizer.  It  has  been  found  that  more  efficient 
mixing  occurs  when  the  fuel  is  injected  radially  into  the  air  stream, 
but  significant  stagnation  pressure  and  axial  thrust  losses  are  incurred. 

A  minimum  stagnation  pressure  loss  is  realized,  along  with  a  significant 
increase  In  axial  thrust,  when  the  fuel  is  injected  along  the  axis  of  the 
combustor,  with  mixing  allowed  to  occur  through  a  turbulent  diffusion  pro- 
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FLIGHT  MODEL 


LABORATORY  MODEL 


Station  Legend 

1  Ambient  region  (flight)  or  air 

heater  (laboratory) 

2  Inlet  region  (flight)  or  settling 

chamber  (laboratory) 

3  Combustor  Inlet 

4  Combustor  discharge 

Figure  17.  Typical  flight  and  lstoratory  geometries  employed  for  hypersonic 
flight  simulation. 


cess.  However,  the  process  of  mixing  for  this  case  Is  so  slow  that  exor¬ 
bitant  combustor  lengths  are  required.  Hence,  an  optimum  fuel  Injection 
method  must  be  found.  Because  of  an  Insufficient  amount  of  design  know¬ 
ledge  concerning  turbulent  mixing  and  combustion  phenomenon,  such  Informa¬ 
tion  will,  of  necessity,  be  found  experimentally.  The  facility  Installed 
at  the  University  of  Utah  has  been  designed  to  obtain  such  Information. 

The  design.  Installation,  and  calibration  of  this  facility  has  been 
carried  out  by  R.  W.  Warmer  and  D.  L.  Boyd. 

In  the  simulation  of  conditions  occurring  In  the  combustor  of  a 
scramjet,  It  Is  not  necessary  to  duplicate  Mach  number  or  velocity.  It 
Is  more  Important  to  duplicate  static  pressure,  static  temperature,  and 
residence  time  of  the  fuel  and  air  In  the  combustion  chamber.  With 
these  requirements  In  mind,  the  capabilities  of  the  system  may  be 
examined.  The  nozzle  blocks  available  to  the  supersonic  combustion  channel 
have  been  designed  to  provide  test  section  Mach  numbers  of  2.5  and  3.0. 

In  addition,  the  tunnel  plenum  chamber,  diffuser,  and  exhaust  system  have 
been  designed  for  a  steady-state  operation  at  a  temperature  of  3000R  and 
a  stagnation  pressure  of  200psia.  With  these  basic  parameters  as  a 
starting  point,  Table  1  presents  the  simulation  conditions  that  would 
be  selected  for  auto-ignition  studies  of  hydrogen  using  the  Mach  2.5 
nozzle. 

When  completed,  the  facility  will  have  the  capability  for  simulating 
the  coirbustor  environment  for  a  flight  Mach  number  of  12  at  an  altitude 
of  130,000  ft.  The  present  capability  of  the  facility  Is  also  presented 
In  Table  1  and  Indicates  a  capability  for  simulating  flight  Mach 
numbers  of  9  and  10  at  flight  altitudes  of  80,000  and  120,000  ft., 
respectively.  This  restriction  Is  Introduced  by  the  utilization  of  a 
natural  gas-fired  burner  In  the  pebble-bed  heater,  which  produces  a 
maximum  bed  temperature  of  2600°R.  This  can  be  overcome  by  utilization 
of  a  propane-fired  burner  with  oxygen  enrichment. 

The  tunnel  calibration,  using  an  open-jet  test  section.  Is  underlay 
at  the  present  time  and  should  be  completed  In  the  next  quarter. 

A  listing  of  the  facility  components  Is  presented  In  the  next  two 
••ctlons. 
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4.1.1.  Tunnel  Inlet  Pressure  and  Heater  System 

The  following  listing  describes  the  equipment  which  Is  presently 
utilized  to  provide  the  pressure  and  heating  cpapblllty  for  the 
supersonic  flow  facility. 

1.  Compressor:  Gardner-Denver  two-stage  piston  con^ressor, 
designed  for  350  psl  maximum  pressure,  delivers  350  standard 
cubic  feet  of  air  per  minute,  shuts  off  approximately  when 
receiver  tank  pressure  reaches  350  psl  and  restarts  at  320  psl, 

2.  After-cooler:  Heat  exchanger  designed  to  remove  heat  put  Into 
air  from  compression. 

3.  Oil  desiccator:  Designed  to  handle  350  standard  cubic  feet  of 
air  per  minute  compressed  to  350  psl  with  dry-o-!1te  activated 
alumina  desiccant. 

4.  Receiver  tank:  Designed  for  a  pressure  of  400  psl  and  a 
temperature  of  650°F. 

5.  Air  dryer:  Desiccant  dryer  designed  to  handle  350  standard 
cubic  feet  of  air  per  minute  at  400  psi. 

6.  Storage  tanks:  Eight  cylindrical  tanks  of  approximately 
52.9  cubic  feet  each  with  a  total  capacity  of  423  ft.3, 
rated  at  2800  psl,  presently  used  to  350  psl. 

/  Storage  tank  shut-off  valves:  Hand-operated  3000  psl,  IV 
gate  valve.  Two  Glove  Pressure  Controllers  for  inlet  pressure 
relation,  from  3000  psl  inlet  to  150  psl  outlet. 

8.  Pn'  jmatic  Inlet  valves:  Four  pneumatic  inlet  valves  and  one 
pe>,r1e-bed  bypass  valve  (two  3",  one  1",  one  3/4“ ,  and 

one  IV  bypass)  are  hand  loaded  with  air  to  open. 

Valves  are  Installed  with  upstream  pressure  on  top  of  the 
valve  seats.  One  3“  valve  is  auxiliary  and  is  not  presently 
connected. 

9.  Orifice  Plate:  A  3/4“  ilunrtttom  plate  with  a  9*953“  diameter 
orifice  Is  located  upstream  of  the  pebble-bed  and  downstream 
of  the  control  vaives  to  limit  ftcm ^  for  sai^ty  purposes. 

10,  Pebble-bed  heater:  A  natural  gas  fired  pebble-bed  heater 


with  V  diameter  alumina  pebbles,  designed  to  deliver 
26O0°R  air  at  300  pel. 

11.  Pebble-bed  exhaust  valve:  Hand-operated  250  lb,  4H 
glove  valve. 

12.  Pebble-bed  gate  valve:  Crane  hand-operated,  250  1b.,  8M 
gate  valve. 

4.1.2  Downstream  Flow  and  Tost  System 

The  basic  hot  flow  system,  downstream  of  the  pebble-bed  heater, 
consists  of  the  following  Items: 

1.  Hot  gas  valve  with  cooled  body  and  flanges. 

2.  Plenum  dumber  with  settling  screens  and  bypass  air  Injector, 
made  of  304  SS  and  completely  water  cooled  for  steady-state 
operation  at  200  psl  and  3000°R. 

3.  Trwsltlon  section  for  adaptation  to  rectangular  nozzle  block 
made  of  304  SS  and  completely  water  cooled. 

4.  Nozzle  blocks  for  3.0  and  2.5  Mach  numbers  made  of  304  SS 
completely  water  cooled  and  prestressed  for  hot  operation. 

5.  Free  jet  test  section  with  access  ports  for  various 
calibration  probes  and  test  probes.  Equipment  Is 
fabricated  to  be  readily  adaptable  for  full  length 
test  section  to  study  reacting  boundary  layer  with 
mass  Injection. 

5.  Diffuser  section  made  of  304  $$  and  completely 
water  cooled 

7.  Expansion  joint  made  of  304  SS  and  completely 
water  cooled. 

0.  Cooler  which  is  couhterflow  120  tube  heat  exchanger 
rated  for  ISO  BTU/sec.  at  50  gpm  water  flow  rate. 

9.  Ejector  system  to  permit  control  of  the  compression 
retlo  of  the  wind  tunnel  and  to  assist  In  reducing 
the  exhaust  stack  tampers ture. 

10.  Probe  positioner  with  clutch  operated  servo-motor, 
potentiometer,  end  Q.OOrcontrol  vernier  with 
zero  backlash. 
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4,2  Charnel 

Figure  18  presents  a  schematic  diagram  of  the  supersonic  combustion 
boundary  layer  channel  to  be  fabricated  and  installed  during  the  next 
year.  This  channel  has  been  designed  to  allow  probing  of  the  turbulent 
boundary  layer  with  Injection  and  combustion  which  develops  along  the 
top  wall  of  the  channel.  The  test  section  dimensions  would  be  as  follows: 
Height  •  1.50“,  Width  »  2.75",  Length  ■  21.0".  The  top  wall  would 
Include  a  porous  plate  with  dimensions  of  2.25"  In  width  and  15.0“  In 
length.  The  porous  plate  would  also  act  as  the  bottom  surface  of  an 
enclosed  fuel  Injector  hood.  This  hood  would  be  treated  as  an  energy 
and  mass  control  volume  for  the  evaluation  of  surface  heat  and  mass 
transfer. 

It  Is  anticipated  that  the  use  of  this  supersonic  combustion  channel 
would  allow  the  acquisition  of  accurate  turbulent  mixing  and  combustion 
data,  along  with  pilot  Ignition  characteristics  for  application  In  the 
design  of  supersonic  combustors  for  flight  In  the  Mach  number  range  from 
5  to  12.  It  Is  also  anticipated  that  the  cooled  sensot*  employed  In  the 
subsonic  combustion  wind  tunnel  will  be  Incorporated  Into  the  testing 
program  for  this  facility. 

With  the  development  of  this  proposed  test  section  and  Its  Incor- 
poratlon  Into  the  existing  wind  tunnel  facility,  a  capability  will  be 
acquired  by  which  Information  may  be  obtained  concerning  basic  problws 
cf  mixing.  Ignition,  and  combustion  In  supersonic  flow  streams.  The 
acquisition  of  such  Information  should  provide  a  more  complete  formulation 
upon  which  future  designs  of  supersonic  combustion  propulsion  systems 
my  be  based. 
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PREFACE 


This  task  involves  an  investigation  of  the  thermal  response  of  ablative 
materials  to  the  mechanics  and  chemistry  of  combustible  gas  flow  in  certain 
components  of  a  rocket  motor  system,  as,  for  example,  nozzles.  Particular 
attention  is  being  focused  upon  matters  which  have  been  largely  Ignored  in 
the  past: 

Phase  I:  The  1 nterdependent  effects  of  pyrolysis,  surface 
chemical  attack,  and  boundary  layer  combustion 
Phase  II:  The  kinetics  of  subsurface  reactions 
Phase  III:  The  effects  of  surface-active  agents  to  minimize 
and  make  more  uniform  the  surface  attack. 

The  general  approach  being  taken  involves  an  understanding  of  the 
Important  kinetic,  transport,  and  surface  effects  at  a  molecular  structure 
and  interaction  level.  Unlike  most  previous  ablation  studies,  chemical 
catalysis  Is  being  utilized  to  provide  additional  degrees  of  freedom 
towards  the  development  of  more  efficient  ablative  structures. 

firing  the  1967-68  academic  year,  effort  was  initiated  on  Phases  I 
and  II.  Some  background  discussion  and  details  of  the  accomplishments  to 
date  are  presented  In  subsequent  sections.  A  laboratory  for  the  fabrica¬ 
tion  and  bench  scale  evaluation  of  ablative  composites  has  been  completed. 

In  addition,  the  use  of  a  specially  designed  tunnel  (with  an  adjacent 
control  room)  for  hazardous  experiments  was  secured  for  the  installation 
of  a  hybrid  rocket  testing  motor  and  a  hot  gas  flow  facility.  These 
facilities  are  described  below  under  Phase  II.  Effort  on  Phase  III  was 
begun  only  recently.  Hence  only  some  background  material  and  the  results 
of  a  brief  literature  search  are  presented  at  this  time. 

Before  discussing  the  component  phases  In  detail,  It  should  be  noted 
that  all  of  them  comprising  TASK  3  of  Project  THEMIS  are  closely  related  to 
TASK  2  which  deals  with  gas  flow  and  heat  transfer.  In  particular,  the 
knowledge  gained  concerning  chemically- reacting  boundary  layers  will 
provide  an  essential  Interface,  and  the  high  temperature  supersonic 


flow  facility  oirrently  being  Installed  under  Task  2  will  provide  a  well- 
controlled  environment  for  ablative  material  response  studies.  In  addition 
the  consultative  assistance  of  Professors  R.  H.  Boyd,  H.  tyring,  and  J.  H' 
Futrell  In  the  areas  of  polymer  chemistry  and  physics,  chemical  reaction 
mechanisms,  and  miss  spectroscopy,  respectively  should  be  acknowledged, 
especially  In  guiding  the  eseperlmenta!  work.  Professors  A.  D.  Baer  and 
N,  M.  tyan's  broad  background  In  solid  propellant  combustion  has  also 
provided  an  Important  contribution  to  our  progress. 
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1.0  PHASE  I  INTERDEPENDENT  EFFECTS  OF  PYROLYSIS,  SuRFACr  CHEMICAL 
ATTACK  AND  BOUNDARY  LAYER  COMBUST  I ON-N,  Burnish  am* 

1 . 1  Introduction 

The  ablation  of  a  reinforced  plastic  Is  a  highly  complex  phenomenon 
Involving  coupled  mass,  momentum  and  energy  transfer  mechanisms.  Since 
materials  may  ablate  by  melting,  sublimation,  vaporization,  internal  and 
surface  chemical  reactions,  or  by  any  eombl nation  of  these  physical  and 
chemical  processes,  a  description  of  the  ablation  process  requires  an 
analysis  of  the  energy  and  mass  transport  within  the  ablating  material 
coupled  with  the  adjacent  boundary  layer. 

The  objectives  of  this  phase  of  the  Task  3  program  are  the  investi¬ 
gation  of  the  thermal  response  of  ablative  materials  to  coupled  environ¬ 
ments,  including  inert  and  combustive  atmospheres.  Thus,  the  1 nterdependent 
effects  of  transpiring  pyrolysis  products,  surface  chemical  attack  and 
boundary  layer  combustion  are  being  studied.  It  Is  anticipated  that 
sufficient  data  will  be  collected  on  ablative  materials  properties  and 
thermal  response  that  an  existing  digital-computer  program,  discussed  in 
In  Appendix  B,  can  be  utilized  to  predict  and  optimize  thermal  response 
of  ablative  materials  In  a  variety  of  environments. 

The  experimental  work  of  this  phase  of  the  Task  3  program  Is  proceeding 
In  three  areas:  a)  determination  of  the  kinetics  of  pyrolysis  and 
Identification  of  pyrolysis-gas  species,  b)  ablation  experiments  without 
environmental  coupling  and,  c)  ablation  experiments  with  environmental 


*  Mr.  ftorman  if.  Sum  I  ngham  received  a  B.S,  degree  In  Chemical  Engineer¬ 
ing  In  1960  from  Princeton  University  with  Honors  in  Engineering,  and  an 
M,  S.  degree  in  the  same  field  from  the  University  of  Denver  in  1965 
where  his  thesis  was  entitled  “Analysis  of  an  Internally  Ablating  Heat 
Shield. "  He  has  also  attended  the  University  of  Colorado  and  the 
California  Institute  of  Technology.  From  1961  to  1966,  He  was  employed 
by  the  Martin  Company,  where  he  made  significant  technical  contributions 
in  the  research  and  development  of  advanced  high  temperature  composite 
materials.  Since  1966,  he  has  been  on  leave  from  the  Martin  Company  to 
pursue  a  Ph.D.  degree  at  the  University  of  Utah.  He  began  work  on  Project 
THEWS  In  September  1967. 
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coupling.  The  kinetics  of  decomposition  Is  being  Investigated  by  themo- 

gravliaitrlc  (TGA)  and  differential  thermal  analysis  (DTA  or  DSC)  techniques. 
Pyrolysis  gases  from  test  samples  will  be  collected  and  identified  In  a 
nets  spectrometer.  A  study  of  ablation  without  coupling  will  be  conducted 
la  an  arc-image  furnace  (described  under  Phase  2)  with  an  Inert  environ¬ 
ment.  Results  of  these  experiments  should  permit  the  establishment  of  a 
bass  line  for  the  thermal  response  of  ablative  systems.  A  hot-gas- flow 
facility  (described  under  Phase  2)  will  be  utilized  to  study  the  effects 
of  environmental  coupling  on  ablative  performance.  It  Is  believed  that 
a  sufficiently  simple  experimental  procedure  will  be  found  such  that  the 
coaled  effects  can  be  treated  singly  or  In  a  sequence  and  thus  permit 
Individual  evaluation. 

1 . 2  MHn  Pyrolysis 

To  date  In  this  program,  the  prlncal  emphasis  has  been  placed  on  the 
development  of  TGA  techniques  and  their  utilization  to  understand  the 
kinetics  of  decomposition  of  resin  materials.  A  vital  part  of  the  kinetic 
analysis  Is  the  Identification  of  the  deamposltlon  gas  species.  The 
effluent  gases  provide  the  best  key  to  precisely  specify  Individual  de¬ 
composition  reactions.  It  Is  also  essential  that  pyrolysis  gases  be 
completely  Identified  in  order  that  the  chemical  reactions  between 
decomposition  gases,  char  and  boundary  flow  species  might  be  studied. 

One  critical  question  which  must  be  considered  concerns  the 
applicability  of  TGA  data  to  rocket  nozzle  liner  applications.  Thermo- 
gravimetric  analysis  does  provide  a  means  of  carrying  out  the  pyrolysis 
reactions  in  an  Inert  environment  which  simulates  that  of  the  pyrolysis 
zone.  Also,  the  TGA  method  provides  a  programmed  heating  rate 'environment 
which  forms  the  char,  and  permits  the  gases  to  escape  at  pyrolysis  temper¬ 
atures  with  essentially  no  secondary  cracking  and,  hence  provides  a  direct 
measure  of  primary  dmr  formation. 

The  essential  difference  between  TGA  tests  and  an  actual  ablation  case 
Is  the  heating  rite.  In  uiual  TGA  experiments,  temperature  rise  rates  of 
samp1«s~are  bn  the  order  of  1°  to  3=0° C  per  minute  while  in  an  actual 
ablation  application  test,  temperature  rise  rates  of  5000°  to  8COO°C  per 
minute  can  be  encountered. 
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Some  authors,  therefore,  have  concluded  that  ISA  data  may  have  no 

direct  connection  to  material  responses  in  normal  ablative  conditions. 

m  \ 

For  example,  Melnicfc  and  Nolan'  1  hr/e  developed  an  apparatus  capable 
of  conducting  TGA-type  tests  on  large  samples  st  very  h  h  heating  rates 
and  have  compared  kinetic  parameters  (assuming  a  single  chemical  reaction) 
for  customary  TGA  heating  rates  with  those  obtained  in  their  high  heating 
rate  system.  Tremendous  disagreements  in  the  values  obtained  led  them  to 
the  conclusion  that  no  correlation  between  the  two  types  of  test  existed 
and  that  the  normal ,  low  heating  rate  technique  Is  invalid.  However,  In 
reaching  this  conclusion  the  authors  have  committed  several  vital  errors 
which  are  believed  to  negate  their  conclusions. 

First,  they  fall  to  recognize  that  several  distinct  chemical  reactions 
were  occurring  whose  cumulative  effect  is  represented  in  their  thermogram. 

Of  particular  significance  for  their  composite  system  of  nylon-phenolic 
Is  the  fact  that  the  two  constituents  decompose  essentially  Independently 
over  different  temperature  ranges.  Furthermore,  the  phenolic  constitutent, 
as  discussed  below,  decomposes  by  at  least  two  different  types  of  reactions. 
They  next  compare  data  from  a  short  duration  heating  rate  test,  for  which 
It  Is  very  unlikely  that  sample  temperature  was  either  uniform  or  equal  to 
the  prograamed  temperature,  to  results  of  a  low  heating  rate  test  of 
extended  duration.  The  high  heating  rate  test,  therefore,  strongly 
emphasizes  the  early  portion  of  the  thermogram  giving  overwhelming 
predominance  to  early  reactions  which  may  have  radically  different  kinetic 
parameters  than  the  effective  overall  kinetic  parameters  for  ail  decomposition 
reactions  representing  the  entire  thermogram. 

On  the  other  hand,  other  authors  conclude  the  equivalence  of  high 
and  low  heating  rate  tests.  Parker  and  Winkler^  tested  a  variety  of 
phenolic  resins  and  determined  char  yields  for  heating  rates  up  to  25 
cal/cm^sec2,  They  observed  that  char  yields  were  essentially  the  same  as 
those  for  T6A  tests.  Thay  tentatively  concluded  thai  primary  char  forming 
processes  for  phenol les  are  Independent  of  polymer  heating  rate  over 
temperature  rise  rates  varying  from  2°  to  5000° C  per  minute.  The  fallacy 
In  this  conclusion  Is  that  the  final  amount  of  char  formed  is  .not  a 
sufficient  measurement  or  Indication  of  the  detailed  kinetic  processes 
which  have  occurred.  It  Is  conceptually  possible  for  the  kinetic  mechanism 


%q  vary  and  stl  1 1  yield  approximately  the  s mm  amount  of  char. 

1 te  am  finally  left  with  the  conclusion  that  the  question  of  the  vali¬ 
dity  of  OitMntry  T&A  tests  is  yet  unsolved,  and  themfom  m  believe  that 
further  Investigation  is  required. 

1.3  At# in  Syttem 

The  resins  which  are  being  evaluated  In  this  program  have  been  se¬ 
lected  to  provide  a  broad  variety  of  chemical  types  including  those  in 
present  general  use  as  well  as  some  of  the  most  promising  new  resin. 

Because  of  their  almost  universal  application  (novolac)  phenollcs  and 
epoxies  are  being  studied.  Also  seme  of  the  new  and  promising  mins, 
such  as  p- polyphenylene,  polyphenylene  oxide,  polyi»fdes{PI),  oolybertzlml- 
dazoles  {PBI}  and  other  heterocyclics  such  as  polyazomethlnes  and 
polyiwJdaiopyrrolones  am  considered.  Scrae  of  these  polymeric  structures 
are  shown  fn  Table  1. 

Certainly  the  most  widely  used  resin  system  in  ablative  applications 
has  been  the  phenol  tes.  Their  broad  utilization  has  encouraged  the 
development  of  an  extensive  literature  on  phenolic  ablation.  How¬ 
ever,  even  for  these  best  characterized  ablative  resin,  snapy  questions 
remain  unanswered. 

Phenolic  resins  as  a  group  of  oompoigtds  include  t  considerable  number 
of  materials  which  are  modifications  of  the  original  phenol-forssaldehyde 
condensation  polymer.  As  a  class  these  polymers  are  readily  available 
frm  numerous  suppliers.  J%#ftoHcs  have  excellent  molding  and  laminating 
properties  and  exhibit  desirable  strength  characteristics.  The  ease  with 
which  phenollcs  can  be  successfully  combined  with  many  types  of  reinforce¬ 
ment  to  form  effective  thermal  protective  systems  no  doubt  accounts,  in 
part  at  least,  for  their  extensive  usage.  However,  phenolic  materials  as 
a  class  have  relatively  low  char  yields  ranging  fra#  about  25-50*.  Also, 
while  approximately  50*  of  the  pyrolysis  gas  is  composed  of  hydrogen,  the 
reminder  is  made  up  of  considerably  higher  molecular  weight  gas  species. 
Therefore,  phenollcs  do  not  exhibit  the  mos*  desirable  characteristics. 

It  is  only  recently  that  the  kinetics  of  phenolic  thermal  decomposition 
has  begun  to  be  understood.  Early  investigators  studying  the  pyrolysis 
of  phenolic,  alone  or  in  conjunction  with  a  reinforcement,  arbitrarily 
characterized  the  kinetics  of  dea**>os1t1on  by  «  single-step  process. 


S.  Polyircide 


7.  Polyawmwlne 


8«  Po'iyquinoxaline 


■hs„  XrtXN  ^-O-o-O^ 

9,  PolybenzothUzole 


Generally,  It  ws  assumed  that  the  decomposition  reactions  were  Irreversible 
and  that  homogeneous  kinetics  apply.  Also,  an  empirical,  pseudo-order  me 
expression  of  the  classical  fora  Is  assumed  to  be  appropriate.  Thus  the 
reaction  $  described  by  the  generalized  expression 


1  dM  _  .  -  ,  M, 

y  *  ■  kf  ^ 


(1) 


where  the  specific  rate  k  is  given  by  the  Arrhenius  relation; 


k  .  A  e  -  E'RT 


the  function  f  (M/Mo)  usually  has  the  form 

fir)  =(«  -  yjy" 

The  combined  expression  is  then, 


"wQ  3?  ■'  ^VM0),,As 


r,&~m 


(2) 

(3} 

(4) 


The  kinetic  parameters,  activation  energy  E,  pre-expcnential  factor  A,  and 
order  of  reaction  r»  are  then  determined  from  the  rate  equation  using  IGA 
data.  The  data  processing  techniques  are  discussed  In  a  later  section. 

The  particular  assumed  form  of  the  rate  equation  given  by  Equation  (4) 
is  generally  attributed  to  H.  L.  FHedtoan^  who  seems  to  be  one  of  the 
first  to  have  used  and  popularized  It.  Even  though  the  form  has  been 
widely  used  it  is  ''pen  to  serious  criticism.  First,  since  there  are  un¬ 
doubtedly  several  chemical  reactions  proceeding  simultaneously,  no  single 
rate  expression  could  possibly  account  for  them,  except  for  consir*ering 
only  a  gross  average  of  properties.  It  has  often  beer,  observed  that  attempts 
to  fit  phenolic  decomposition  in  this  way  have  been  less  than  successful. 

For  example,  the  evidence  of  TGA  weight  loss  curves  for  phenolic  clearly 
indicates  that  at  least  two  major  reactions  are  occurring.  Curves  shown 

in  Figure  1  for  USP  502  phenolic  obtained  with  the  TGA  apparatus  described 

(4) 

below  are  of  the  same  form  as  those  obtained  by  Goldstein/  '  The  complex 
curvature  of  these  thermograms  indicate  at  least  two  principal  weight  loss 
regions.  The  kinetic  parameters  obtained  assuming  a  single  rate  law  have 
no  obvious  connection  with  the  physical  meanings  normally  associated  with 
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Temperature  ®C 

FIGURE  1.  TGA  CURVES  FOR  ISP-502  PHENOLIC  RESIU 


Recently  some  investigators  have  used  the  form  in  equation 
(4)  but  have  applied  It  separately  to  the  major  reactions  observed. ^ 
Goldstein  has  successfully  applied  a  rate  equation  of  the  type  of 
equation  (4)  to  the  decomposition  of  CTL-SiLD  phenolic  by  using  it 
twice,  once  to  each  of  the  predominant  reaction  regions  he  iden¬ 
tified.  After  determining  kinetic  parameters,  Goldstein  was  then 

able  to  predict  weight  loss  curves  with  greatly  Increased  accuracy. 

(5! 

Kratch  and  co-workers'  #  have  extended  this  idea  of  multiple  re¬ 
action  mechanisms  to  include  a  combination  of  three  basic  reactions. 

Another  way  to  analyze  the  decomposition  reaction  is  to  find  a 
model  which  describes  the  process  on  a  macroscopic  scale.  One  such 

model  has  been  successfully  used  by  metallurgists  to  predict  thermal 

(20) 

decomposition  of  explosives.  ' 

Consider  the  decon^osition  reaction  as  occurring  by  way  of  an 
activated  state  at  the  Interface  between  a  newly  formed  product 
nucleus  and  the  initial  reactants.  The  nucleus  grows  as  a  sphere 
of  radius,  r,  as  the  reaction  proceeds.  The  rate  of  reaction  Is 
proportional  to  the  ntmfoer  of  reactant  molecules.  Therefore,  it 
^an  be  written 


dn 

3F 


8 


(5) 


where  the  quantity  n  is  the  number  of  reactant  molecules,  x2 
Is  the  molecular  area  of  the  activated  state,  and  k  is  the  reaction 
rate  constant. 

Maximum  Interfacial  area  is  reached  when  r  *  r  ,  the  radius 

o 

at  which  the  growing  spherical  nuclei  touch  and  begin  to  overlap. 

The  fraction  reacted,  R,  is  the  ratio  of  the  sphere  of  products  of  radius 

r  Inside  a  sphere  of  reactants  of  radius  r  .  For  N  nuclei 

oo 


R  .  N0 

N„  4/3  »r0 
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(6) 


(1  -  "m/"0)'/3  ■  k“  <t-t0)  (12) 

Values  of  k"  are  evaluated  from  a  plot  of  equation  (12)  which  only 
applies  to  the  Inflection  point  of  the  weight  loss  versus  time 
curves. 

For  reactions  beyond  the  inflection  point,  a  similar  but 
more  cumbersome  derivation  gives  an  equation  which  applies  to  the 
rest  of  the  reaction 

1  -  /  '  Vw0  1/3  ■  k2  (t-t„)  (13) 

•  Wwf/wo 

where  w^.  is  the  weight  at  complete  reaction. 

This  type  of  an  approach  would  be  useful  In  analysis  of  rate  of 
char  formation  in  ablation  if  a  single  reaction  were  occurring. 

Occasionally  phenolic  weight  loss  curves  do  not  exhibit  the 
complex  curvature  illustrated  in  Fig.  1.  Such  data  may  be  In  error 
or  they  may  be  correct  representations  for  a  different  form  of 
phenolic.  In  either  case,  these  considerations  Indicate  a  need  for  a 
mechanism  of  decomposition.  Knowledge  of  a  mechanism  would  permit 
direct  formulation  of  a  rate  expression. 

Such  a  detailed  mechanism  has  been  proposed  by  Parker  and 
Winkler^  to  explain  the  thermal  decomposition  of  phenolic  polymers 
In  inert  environments.  These  investigators  suggest  that  the  thermo¬ 
grams  obtained  from  TGA  analysis  of  phenol Ics  can  be  explained  by 
assuming  that  the  stable  chars  observed  result  from  the  coales¬ 
cence  of  certain  benzenold  structures  in  the  principal  chains  of  the 
polymer.  They  suggest  that  the  initiation  step  for  the  pyrolysis, 
given  as  (I)  In  Fig.  2,  is  the  hemolytic  scission  of  the  carbon- 
carbon  bond  connecting  the  aromatic  pendant  group  to  the  main  chain. 
Thermodynamically,  this  bond  Is  the  weakest  C-C  bond  in  the  chain. 
Pendant  group  elimination  can  occur  on  either  side  of  the  single 
bonded  phenol  ring  to  give  both  a  phenol  radical  and  a  cnesol  radical 
(III  and  Ill-a).  Next  a  rapid  abstraction  of  hydrogen  atoms  follows 
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FIGURE  2.  PRINCIPAL  STEPS  IN  NONOXIOATIVE  THERMAL  DEGRADATION 
OF  PHENOLIC  NOVOLAC  RESINS 


to  give  phenol  and  cresol  as  primary  products.  The  free  radical  main 
chain  Intermediates  (II)  and  (IV)  formed  are  expected  to  rearrange  to 
give  Intermediates  (VI)  and  (VII).  It  Is  postulated  that  char  for¬ 
mation  proceeds  through  a  stable  Intermediate,  shown  as  (VIII),  formed 
by  termination  of  the  main  chain  radical  pairs  (VI)  and  (VII).  The 
formation  of  this  stable  bond  prevents  elimination  of  those  aromatic 
rings  Initially  bonded  by  two  or  more  methylene  groups  In  the  prin¬ 
cipal  chain.  Thus,  only  those  phenolic  ring  structures  which  are 
multiple  bonded  In  the  virgin  polymer  are  retained  In  the  thermally 
crosslinked  Intermediate,  irfilch  loses  methane  and  carbon  monoxide 
above  500°C  to  give  unstable  char.  Thermally  stable  char  Is  depicted 
as  forming  by  continued  cross linking  of  the  aromatic  rings  In  char 
(IX)  with  elimination  of  hydrogen  and  water.  The  final  char  retains 
only  those  aromatic  carbons  multiply  bonded  In  the  original  polymer. 
Parker  and  Winkler  apply  their  proposed  mechanism  to  other  published  data 
with  considerable  success.  Certainly  the  proposed  mechanism  Is  an  Im¬ 
portant  step  In  understanding  phenolic  thermal  decomposition. 

The  mechanism  of  Parker  and  Winkler  Is  somewhat  different  than 
another  proposed  by  Madorsky^.  Madorsky  suggested  th»t  the  primary 
mechanism  of  thermal  degradation  was  the  scission  of  bonds  as  Indi¬ 
cated  by  the  dotted  line. 


At  temperatures  of  pyrolysis  of  about  360°C  he  determined  the  main 
volatile  constituents  to  be  acetone,  propylene,  propanol  and  butanol. 
The  compounds  CH^,  CO,  CO^  were  thought  to  result  from  the  complete 
breakdown  of  the  benzene  ring  at  between  800  and  1200*0.  The  free 
radicals  resulting  from  this  thermal  cracking  could  either  recoeblne 
or  strip  the  crossllnked  residue  of  hydrogen  and  oxygen. 


The  b»o  ms  chan  Isas  differ  on  the  location  of  Initial  chain 
scission  and  on  the  source  of  such  gases  as  C02,  CO.  and  ch,.  Also 
Farter  end  dinkier  detected  phenol  and  cresols  which  were  not  ob- 
strved  fey  Hadtersky.  The  rearrangement  proposed  by  Parker  and 
dinkier  yielding  disr  Is  also  another  significant  difference.  Even 
though  the  oechanisM  of  Parker  and  dinkier  seats  to  fit  more  data 
better  than  Kadprsky's,  neither  approach  can  be  completely  rejected. 
CHftemcas  In  basic  polymeric  structure  and  Methods  of  gas  analysis 
could  easily  have  contributed  some  of  the  differences  between  the 
tub  Methods. 


In  general,  the  reinforcements  used  if.  conjunction  with  a  resin 
In  composite  fabrication  have  little  effect  on  the  thermal  response 
of  the  resin.  In  the  case  of  nylon-phenolic  composites,  the  total 
weight  lots  curve  can  be  considered  as  the  sum  of  the  Independently 
determined  theruogrtms  for  the  nylon  and  the  phenol  1  c .  However, 
for  Silica  rsinfbrtsments  a  series  of  highly  endothermic  reactions  with 
enters  are  possible  *t  pest-pyrolytic  conditions,  which  can  signifi¬ 
cantly  alter  the  ablation  response  characteristics.  A  wore  complete 
discussion  of  these  reactions  Is  given  in  Phase  II  of  this  report. 

The  epoxf .*$  represent  another  class  of  materials  which  has  been 
sklent vely  used  In  thermal  protective  systems.  Like  the  phenol les, 
t hay  are  readily  available  In  many  modified  forms,  are  generally 
easily  sol ded  and  laminated,  and  are  chemically  and  mechanically 
compatible  with  essentially  any  reinforcement. 

.v  Less  is  known  of  the  exact  nature  of  the  pyrolysis  of  epoxies 
thss  Is  the  case  for  phcmollcs.  ho  detailed  mechanism  of  decom¬ 
position  ha*  been -proposed.  However,  several  studies  have  successfully 
correlated  epoxy  structural  types  and  curing  agents  as  a  function  of 
the  char  yield.  flaming  has  studied  ten  different  epoxy  types 
in  c^juhctfWwitit  nine  curing  agents  and  has  been  able  to  predict 
char  yields.  Char  yields  for  epoxies  are  generally  much  lover  than 
fpf  pbenoHcs  ranging  from  101  to  201. 

The' -ablation  of  an  epoxy  11  lust  rates  one  of  several  types  of  coup¬ 
ling  of  desirable  properties  which  occur  in  ablation  systems.  Ideally 
an  jbixtnr  would  deepepese  producing  a  large  quantity  of  low  molecular 


weight  gas  so  that  heat  blockage  by  mass  Injection  Into  the  boundary 
layer  will  be  maximized.  At  the  sane  time  the  Ideal  ablator  would 
form  a  tough,  stable  char  layer  in  order  to  maximize  heat  blockage  by 
minimizing  heat  conduction  to  undecomposed  ablator  and  substructure. 

In  actual  cases  It  seems  that  the  ablator  characteristics 
obtainable  represent  a  trade  off  between  the  desirable  extremes.  Thus, 
systems  which  produce  the  best  chars  usually  produce  less  voluminous 
gas  decomposition  products.  In  the  past  several  years,  the  greatest 
advances  In  ablative  systems  have  been  made  by  the  development  of 
new  resins  which  are  stable  at  much  higher  temperatures  than  previous¬ 
ly  possible.  Also  generally  characteristic  of  these  new  high  temper¬ 
ature  resins  Is  their  highly  aromatic  or  heterocyclic  nature  which 
produces  a  high  amount  of  char  residue.  Included  in  this  group  are 
the  polyphenylenes,  polyimides,  polybenzimidazoles ,  polyimldazopyrrolones 
and  polyazomethenes.  There  are  obviously  a  large  nuid>er  of  specific 
polymer  formulations  possible  within  these  class  types.  Work  has 
been  done  on  a  number  of  specific  examples  which  seem  to  have  out¬ 
standing  properties. 

fa) 

Polyphenylene  structures  have  been  investigated  by  Vincent'  ' 

and  have  been  observed  1;  form  a  hard  dense  char  layer  as  they  degrade 
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essentially  by  the  elimination  of  hydrogen.  Parks'  '  has  conducted 
an  extensive  comparison  of  eleven  resins  likely  to  exhibit  desirable 
ablative  properties  and  has  ranked  them  according  to  mass  loss  rate, 
erosion  rate,  char  formation,  mechanical  strength  and  TSA  performance. 
The  outstanding  resin  studied  was  polyben 7 imidazole  (PBI)  which  was 
superior  In  almost  every  test.  However,  Dickey  and  co-workers 
al'j  Investigating  PBI  resins,  shewed  that  conventional  PBI  resins 
degrade  rapidly  in  air  environments  by  the  oxidative  scission  of  the 
imidazole  ring  at  the  ■  KH  group.  This  decomposition  produced  no 
char.  When  the  PBI  was  thermally  crosslinked  by  the  elimination  of 
the  a  KH  group,  it  showed  a  resistance  to  oxidation  similar  to  that 
of  graphite.  Also,  recent  advances  in  resin  technology  have  reduced 
the  difficulties  in  fabricating  with  PBI  which  once  limited  this 
resift's  uss. 

Many  heterocyclics  are  presently  being  investigated  and  reported 
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1«  the  HtarttiireJ*1*  121  The  most  promising  of  these  new  polymers 
wil  l  be  Included  In  Mluations  conducted  In  this  program.  One  of  the 
primary  selection  criteria  must  necessarily  be  the  processability 
and  general  handling  characteristics  of  the  candidate  resin.  Several 
resins  which  s eem  to  have  excellent  ablation  properties  ere  so  diffi¬ 
cult  to  handle  that  it  is  essentially  impossible  to  use  thee  in  com¬ 
posites.  Recognizing  this  difficulty,  chemists  are  now  modifying 
good  ablation  structures  to  enhance  processability.*121 

A  concept  to  which  the  plastics  Industry  has  devoted  little 
attention  thus  far  Is  the  possibility  of  catalyzing  desired  pyrolysis 
reactions.  The  catalysis  of  the  en do  the rale  silica-carbon  reactions 
is  such  an  example.  The  appropriate  selection  of  beneficial  char 
reactions  rather  than  unprofitable  decomposition  would  certainly  en¬ 
hance  the  performance  of  some  ablative  resins. 

1.4  RrLnforoammtt* 

The  fabrication  of  efficiently  ablating  composites  of  the  best 
re.ln  systems  oovlouslv  requires  a  high  performance  reinforcement. 

TWo  reinforcements  have  to  date  far  surpassed  all  others  In  this 
regard:  graphite  (carton)  and  high  silica.  Both  of  these  materials 
o*61  ne  characteristics  of  high  strength,  high  temperature  stability 
and  ease  of  ftfrricabillty.  The  wort  done  in  this  program  will 
utilize  principally  these  two  reinforcements. 

Other  refractory  reinforcements  such  as  zirconia  and  magnesia 
have  been  used  In  high  temperature  applications  In  amt i nation  with 
phenolic  and  epoxy  resins.  However*  fabricated  composites  incor¬ 
porating  these  reinforcements  exhibit  poor  structural  strength  and 
are  In  general  inferior  in  performance  to  graphite  and  silica 
reinforced  ccmposltes.  Further  advances  in  the  properties  of  these 
wterials  is  necessary  before  they  will  ocopy  a  competitive  position. 

Another  recent  advance  which  may  alter  the  present  concepts  of 
thermal  protection  Is  the  development  of  a  3-0  composite,  U?rte  and 
co-workers*131  have  fabricated  structural  co^wsites  vfcich  have  re¬ 
inforcement  In  three  mutually  perpendicular  directions.  These  3-0 
composites  have  outstanding  structural  properties  **d  their  ablative 
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performance  was  about  the  same  as  normally  fabricated  samples  using 
the  sai..?  components. 


1 . 5  TGA  Apparatus 


The  theraogravimetric  analysis  (TGA)  system  being  used  in  this 
program  is  built  around  a  Cahn  Model  RG  Automatic  Recording  Electro¬ 
balance.  This  balance  as  shown  schematically  in  Fig.  3  Is  a  high 
sensitivity  null  point  Instrument  In  which  a  light  source  photocell 
is  the  aetector.  An  electromagnetic  D'Arsonval  movement  supplies  the 
restoring  force.  The  loop  gain  of  the  servo  system  Is  In  excess  of 
1000.  so  that  the  actual  beam  deflection  under  load  Is  very  small,  and 
the  balancing  torque  Is  equal  tc  the  sample  torque.  The  torque  mo  ter 
used  in  the  balance  Is  as  linear  as  precise  weights  and  precision 
potentiometers  can  determine.  Thus,  the  balancing  current  4s  a  direct 
measure  of  the  sample  weight  to  an  accuracy  of  better  than  G.05% 
and  a  precision  of  better  than  +  0.01%  of  full  scale  sample  weight. 

The  balance  beam  has  three  loops:  loop  A  has  a  maximum  lead 
of  1  gar,  loop  6  load  maxis*®  is  2.5  gpn;  and  loop  C  Is  used  to  support 
tare  weights  for  the  other  loops.  The  permissible  weight  change  Is 
0  to  200  rag  for  loop  A  and  0  to  1000  mg  for  loop  B.  The  smallest 
weight  change  that  can  be  reliably  detected  depends  on  total  load, 
but  for  small  samples  It  is  2  x  10"^  gm. 

The  balance  mechanism  is  mounted  In  a  glass  vacuum  bottle  accessory 
which  permits  operation  In  reduced  pressure  or  flow-through  environments 


Samples  are  suspended  in  hangdown  tubes  whose  sfse  has  been  selected 
to  provide  optimum  sensitivity  and  minimum  noise  for  flow  through  ex- 
peri  men  ts. 


The  Cahn  balance  system  has  been  used  extensively  in  high  precision 


TGA  work  and  has  been  snowr  to  be  stable  in  a  wide  variety  of  operating 
(15,  16) 


conditions. 

The  furnace  used  in  conjunction  with  the  balance  Is  a  Marshall 


Model  Mo. ft 33  base-metal  furnace  with  a  maximum  operating  temperature 
of  2200eF.  The  furnace  has  a  heating  zone  one  foot  long  which  is  pro¬ 
vided  with  shunt  taps  to  effectively  contrc  the  temperature  profile 
along  the  length  of  the  furnace.  Thus  far  the  central  7- Inch  section 


of  the  furnace  has  been  controlled  steadily  with  a  maximum  temperature 
deviation  of  +  A.Q^F.  However }  it  is  possible  to  reduce  the  deviation 
to  approximately  +  1°F,  thus  providing  a  large  region  of  constant 
thermal  conditions. 

The  temperature  of  the  Marshal 1  furnace  is  controlled  by  an  F  &  M 
model  240M-25  Temperature  Programmer,  This  control  device  has  a  true 
proportional  power  output  which  permits  smooth  temperature  programming 
and  control  from  ambient  to  1000°C.  The  solid  state  circuitry  h&s  a 
maximum  power  output  of  2500  watts.  A  temperature  sensitivity  of  less 
than  0.1°C  is  possible.  "ine  controller  can  function  to  provide  con¬ 
stant  temperature  operation  before,  after,  or  between  programmed 
periods.  Programming  rates  of  0.5,  1,  2,  3,  4,  5,  7,b,  10,  15,  20, 

25,  30°C/min.  are  available. 

The  output  of  the  Cahn  electrobalancs  takes  the  fonn  of  a  DC 
electrical  signal  which  is  the  input  to  a  Mosely  riodel  7001 A  X-Y 
Plotter.  This  instrument,  handling  11  x  17  in.  paper*  has  input 
sensitivity  ranges  from  0.1  mv/inch  to  20  v/ineh  with  continuous 
variable  control  between  calibrated  positions.  Accw  icy  of  at  least 
0.2%  full  scale,  linearity  of  0.1%  on  all.  ranges  and  an  integrated 
time  base  applicable  to  either  axis  at  speeds  from  0.G1  to  20 
in/sec.  are  all  within  recorder  capability.  Figure  4  illustrates 
the  apparatus. 

A  great  deal  of  effort  has  been  directed  toward  developing 
an  efficient  laboratory  technique  for  TGA  work  using  the  described 
system.  Initially  it  was  observed  that  building  vibrations  picked 
up  by  the  sensitive  balance  mechanism  and  transmitted  to  the  re¬ 
corder  as  noise  completely  precluded  the  use  of  small  samples  and 
the  high  sensitivity  ranges  on  recorder  balance.  A  filter  tuned 
to  eliminate  noise  in  the  region  of  60  cps  helped  to  reduce  vibra¬ 
tional  noise  levels  and  also  minimized  noise  pick  up  due  to  elec¬ 
trical  ground  loops.  Isolation  of  the  table  supporting  the  TGA 
apparatus  by  shock  absorbing  castors  further  reduced  noise  in  the 
recorder.  However,  normal  building  vibration  can,  at  times,  still 
limit  the  use  of  the  most  sensitive  ranges. 

It  is  desirable  that  TGA  samples  be  as  small  as  practicable 
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FIGURE  4.  TGA  EQUIPMENT  ASSEMBLY 


In  order  that  temperature  uniformity  might  be  csosely  approached  and 

temperatures  of  transitions  more  accurately  Identified.  Sample  sizes 

on  the  order  of  10  mg  may  be  close  to  optimum  for  the  system  being 

used.  For  resin  specimens,  test  samples  have  been  prepared  by 

grinding  cured  polymer  and  using  the  nowder  fraction  wh4ch  passes 

through  an  80  mesh  screen.  Two  typica:  thermogram  curves  for 

USP-502  phenolic  resin  obtained  from  50  mg  powdered  samples  are 

shown  in  Figure  1.  The  curves  represent  only  preliminary  Information 

as  temperature  measurements  have  since  been  Improved, 

Once  TGA  weight  loss  curves  have  been  experimentally  obtained, 

the  determination  of  the  kinetic  parameters,  activation  energy  E, 

pre-exponential  factor  A  and  reaction  order  n*  can  be  accomplished 
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by  several  means.  The  technique  of  Frfetfenan'  '  will  be  considered 
in  detail.  This  author  assumed  that  the  following  general  equation 
held. 


-(;•’)(  &  )  *  Ae'4E/RT  f  (w/w0)  (14) 

where  w  a  weight  or  organic  material,  and  w0  *  original  weight  of 
plastic.  Taking  logarithms  of  equation  (14)  gives 

tn  [-  (  )  ]  *  tr<  A  +  tn  f  (w/w0)  -  (15) 

Values  of  (l/w0)(dw/dt)  are  determined  and  plotted  against  1/T 
as  a  function  of  (w/w0).  The  slope  of  each  line  is  equal  to 
-aE/P  while  the  intercept  is  fcn[A  f  (w/wQ)j.  The  function  f  (w/wQ) 
is  then  assumed  to  have  the  form 

f  ( £ )  *  r<w  -  *f  )/«.„]" 

"0 

where  wf  is  the  final  weight  of  char  and  n  =  kinetic  order  of  re¬ 
action,  Multiplying  the  previous  equation  by  A  and  taking  logarithms 
yields 

in  [A  f  (w/v^)]  *  Jin  A  +  n  in  [(w  -  (16) 
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A  plot  of  in  [A  f  {w/w0)]  versus  in  [{w  -  wt)/wQ]  should  then  give 
a  straight  line  where  the  slope  Is  n  and  the  Intercept  Is  in  A. 

It  should  be  noted  that  In  the  technique  of  Friedman  all  the 
kinetic  parameters  are  determined  by  graphical  means.  Another 
widely  referenced  procedure  is  that  of  Freeman  and  Carrol 1^17^ 
which  Is  basically  similar  in  approach  to  the  one  just  outlined. 

Another  example  of  a  technique  for  kinetic  oarameter  deter¬ 
mination  is  the  computer  approach  of  Anderson'  8'.  The  expression 
used  in  this  reference  for  the  degradation  of  a  reinforced  resin 
system  is 

ft  •  -  !^p>"  ('  -  Frc>  6  e-(E/RT>  (17) 

where 

p  ■  density  of  a  system  at  any  time 
p2  *  density  of  remaining  resin 
pvp  *  Initial  density  of  system 
N  *  order  of  reaction 
Frc  *  mass  fraction  of  resin  that  chars 
B  *  pre-exponential  constant 
E  ■  activation  energy 
T  *  local  temperature 
t  *  time 

From  TSA  analysis.  Information  In  the  form  of  p/pvp  ■  f(T)  is  obtained 
for  a  fixed  (dT/dt).  The  fraction  of  resin  that  chars  can  be  ex¬ 
pressed  as  Frc  *  pc  -(1-F)pvp/Fpvp  where  pc  *  char  density  and  F 
resin  fraction  In  Initial  system.  The  density  of  remaining  resin  can 
be  expressed  as 


“2  ’  Fo,P  '  F  P,P  (  1?  M  )  (18) 


and  finally  In  combined  form 


(19) 


Be"(  RT  } 


at  (pvp^ 


-P-  pc 

pvp  pvp 


-  _e=  ) 
pvp  ' 


1 


„£C 

pvp 


This  final  expression  is  solved  over  small  temperature  increments  by 
finite  difference  techniques.  The  Anderson  program  computes  Be"^R^ 
as  a  function  of  temperature.  However,  "he  reaction  order  must  be 
assumed  and  the  other  kinetic  parameters  are  again  graphically  eval¬ 
uated.  This  computer  technique  has  been  prepared  and  run  on  Univac 
1108  for  several  groups  of  published  data  yielding  kinetic  constants 
in  reasonable  agreement  witi.  tre  published  results. 

The  techniques  of  Fri  dr*n,  Freeman  ano  Carroll,  and  Anderson 
may  be  taken  as  representative  of  those  types  of  7GA  data  analysis 
which  use  the  differential  form  of  the  rate  law.  They  all  involve 
the  inherently  iiaccurate  problem  of  graphical  differentiation, 
require  constant  rates  of  tempetature  rise  and  utilize  cumbersome 
slope  taking  operations  for  determination  of  kinetic  parameters. 

Because  of  these  difficulties,  the  use  of  integrated  forms 
of  the  rate  law  are  being  considered.  Such  techniques  avoid 
graphical  or  numerical  differentiation.  The  most  promising  general 
approach  appears  to  be  the  quasilinearization  approach  of  Bell¬ 
man.  This  technique  requires  a  reasonable  Initial  guess  of 
kinetic  parameters,  but  then  systematically  and  rapidly  converges 
to  optimized  values. 

The  limitations  and  restrictions  noted  for  the  differential 
methods  are  not  found  In  the  quasilinearization  approach.  No  form 
of  differentiation  is  required,  graphical  methods  are  not  needed 
and  greater  versatility  in  experimental  approach  is  possible.  For 
example,  the  requirement  of  constant  rate  of  temperature  rise 
previously  required  Is  no  longer  a  restriction.  Temperature  rise 
may  be  programmed  at  varying  rates  in  order  to  emphasize  and  permit 
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accurate  calculations  of  critical  regions  of  the  thermogram.  It 
my  even  be  possible  to  combine  Isothermal  with  non- isothermal  con¬ 
ditions  during  a  single  run.  Once  the  data  are  obtained,  the  quasi- 
llntarfzatlon  technique  Is  handled  completely  on  the  digital  computer 
thus  molding  any  Intermediate  hand  manipulation. 

1.6  Gas  Analysis 

In  conjunction  with  thermogravi metric  analysis,  two  other  types 
of  experimental  analysis  are  required  In  this  program.  F1rst.it  is 
necessary  that  the  gas  species  evolved  during  the  thermal  decomposition 
be  Identified  as  a  function  of  the  temperature.  Techniques  of  gas 
chromatography  and  mass  spectroscopy  are  both  acceptable  procedures 
for  this  determination.  Because  of  greater  availability,  a  high 
resolution  mass  spectrometer  will  be  used. 

Pyrolysis  gases  will  be  collected  at  reduced  pressures  in  a 
flow-through  TGA  apparatus.  An  Inert  gas,  such  as  nitrogen,  is 
continuously  fed  Into  the  flow-through  system  to  prevent  pyrolysis 
gases  from  reaching  the  delicate  balance  mechanism  and  to  act  as  a 
collector  for  the  gas  species  to  be  analyzed.  With  this  approach. 

It  Is  desirable  that  the  mass  spectrometer  be  attached  directly 
tc  the  TGA  system  or  that  chemical  reactions  between  gas  species 
are  frozen. 

1 . 7  DSC  Analysis 

A  second  experimental  approach  which  will  be  used  along  with 
TGA  Is  differential  scanning  calorimetry  (DSC).  Available  for  use 
In  the  Chemical  Engineering  Laboratory  Is  a  Perkin-Elraer  differential 
scanning  calorimeter.  This  sophisticated  equipment  permits  the 
measurement  of  the  heat  required  by  the  various  thermal  reactions. 

It  should,  therefore,  be  of  great  value  in  identifying  the  different 

Mg) 

regions  of  a  TGA  thermogram.  The  work  of  Sykes  and  Nelson'  1  is 
an  example  of  this  use  of  DSC  data. 

1.8  Direction  of  Continuing  Research 

It  is  anticipated  that  during  the  following  year  work  on  this 


project  will  include  the  identification  of  the  effects  associated  with 
the  flow  of  a  combusting  gas  past  an  ablating  surface.  The  results 
obtained  from  the  Task  II  studies  will  be  utilized  wherever  possible. 
Specifically,  the  following  Items  will  be  completed. 

1.  Thermo  1  gravimetric  analyst  of  ablation  polymers  will 
will  effected  resulting  in  an  identification  of  the  kinetics  of 
pyrolysis.  As  a  part  of  this  analysis,  pyrolysis  gas  species  will  be 
collected  and  identified  employing  mass  spactrometry. 

2.  Composite  ablative  samples  will  be  studied  in  an  arc  image 
furnace  to  evaluate  ablative  performance  in  a  non-environmental 
coupled  situation. 

3.  The  hot  gas  facility  described  in  Phase  I  will  be  used  to 
evaluate  the  thermal  decomposition  of  polymers  subjected  to  a  com¬ 
busting  gas  environment. 
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2,0  PHASE  n  KINETICS  Of  SUBSURFACE  REACTIONS  -  J,  Chldley 

2.1  Jntr&duatim 

For  rather  short  periods  of  time,  of  the  order  of  one  minute,  struc¬ 
tures  my  b®  protected  by  ablative  Mterlals  from  continuous  exposure  to 
high  heat  fluxes  ami  high  temperatures.-  Much  longer  times  can  be  tolerated 
if  the  exposure  Is  periodic  or  intermittent.  The  most  commonly  used  abla¬ 
tive  Materials  fpr  thrust-chamber  Insulation  and  lining  applications  have 
been  compos  1  tes  of  an  elastomer  and/or  plastic  reinforced  with  a  more  re¬ 
fractory  material  to  support  the  resin  and  charred  resin  during  the  abla¬ 
tion  process  and  hold  the  composite  together. 

One  such  composite,  phenolic-silica,  consists  of  a  high-purity  silica 
cloth  Impregnated  with  a  phenol -formaldehyde  resin  which  Is  cured  to  a 
tough  laminated  structure.  Much  research  emphasis  has  been  and  is  being 


applied  to  the  development  of  ablative  materials  tailored  to  specific 
applications.^^ 

In  use,  ablative  composites  absorb  incident  radiative  and/or  con¬ 
vective  thermal  energy  to  s one  extent  by  surface  and  internal  endothermic 
chemical  reactions.  For  composites  containing  plastic  resin  and  inorganic 
relnforwments,  the  following  classes  of  Internal  chemical  reactions  are 
thermodynamically  feasible. 

1,  decomposition  (pyrolysis)  of  resin  to  form  char  and  gases;  e.g.f^ 

*CiOOH89.4°17.8Vaj  m1n  *'  (C1000H66.]011.8Vib2  char 

♦  (>^H2  +  JUCO  ♦  x3H2P  *  *4^  *  X5^H5  +  x6N2  +  x;  or9anic 

*  x8^2  +  xg^2  '*  *i-o  *romat1cs)gas  ;  (1) 

2.  thermal  creeping  fef .  or  reactions  among  pyrolysis  gases  as  they 
percolate  through  the  insulatlve  porous  char  to  the  exposed  surface 
or  the  ablative  composite;  e,g.f 

#  Mr.  John  0,  Chldley  received  a  8. S.  degree  in  ’«ical  Engineering  from 
the  California  Institute  of  Technology,  to  1565.  Since  then  he  has  attended 
the  University  of  Utah  where  he  is  a  candidate  for  a  Ph.D.  In  Chemical 
Engineering.  He  began  work  on  this  phase  of  the  program  In  September  1967. 
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(2) 

(3) 


CH4(g)  ^C(s)  ♦  2H2{g)  , 

Benzene  (g)  +  ?IL;(g)  ?==?  6CH4(g)  ; 

3.  char  oxidation  of  the  pyrolysis  gases;  e.g., 


C(s)  +  C02(g) 

2C0(g)  , 

(4) 

C(s)  +  HJMg)  =*■ 

CC'(g)  +  H2(g)  ; 

(5) 

reactions  between  the 

char  and  reinforcement;  e.g., 

Si02(s)  +  C(s) 

—  S10(g)  +  C0(g)  , 

(6) 

S102(s)  +  2C( s ) 

—  Si(t)  ♦  2C0(g) 

(7) 

S102(s)  +  3C(s) 

r—  SiC(s)  +  2C0(g) 

(8) 

and  subsequent  reactions: 


SiC(s)  +  2Si02(s)  “  3SiO(g)  +  C0(g)  ,  (o; 

Si02(s)  ♦  Si(i)  ?=*  £iiO(g)  (10) 

In  the  development  of  an  understanding  of  the  internal  ablation  pro¬ 
cesses,  the  decomposition  or  pyrolysis  reactions  of  class  1  have  received 
the  most  attention.  These  pyrolysis  reactions  are  very  important  because 
they  produce  a  porous  char  which  can  quite  effectively  insulate  the  virgin 
composite  thermally  from  the  high-energy  external  environment  and  thereby 
curtail  the  overall  Internal  ablation  rate. 

Of  the  three  classes  of  postpyrolytic  chemical  reactions,  those  of 
class  4  are  considerably  more  endothermic  than  the  reactions  of  the  other 
two  classes.  For  this  reason,  class  4  reactions  have  received  some  attention. 

Despite  the  high  endothermic ity  of  the  C-SiO^  reactions,  their  desir¬ 
ability  in  ablative  composites  is  not  necessarily  justified.  If,  as  pointed 
(24) 

out  by  Gutman,  the  C-Si02  reactions  lead  to  a  breakdown  of  the  reinforced- 
char  structure,  with  subsequent  surface  erosion,  then  the  overall  ablation 
rate  may  increase  rapidly  and  become  intolerable.  But,  as  discussed  by 
ladacM ,v  ;  when  dimensional  integrity  Is  not  essential,  the  additional 
endothermic  heat  sink  provided  by  the  C-Si%  reactions  may  more  than  compen¬ 
sate  for  any  resulting  surface  erosion. 

To  date,  a  thorough  study  of  the  desirability  or  undesirability  of  the 
C-S102  reactions  for  the  entire  range  of  reentry  and  thrust-chamber  appli- 
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cation*  has  not  been  report’d-  A  potential  ares  of  desirability  might  be 
in  those  regions  of  timist  chambers  where  surface  erosion  is  not  generally 
experienced  and  where  the  internal  insulation  weight  shouia  be  optimized. 

Such  situatiors  are  c.TB*on  in  sea1!  liquid-propellant  space  engines  and  in 
the  thrust  chauh^r  and  blast  of  certain  solid  rocket  motors,  where  the 
heat  fluxes  arc  not  too  severe.  The  Importance  of  weight  reduction  in  solid- 
rocket-motor  insulation  was  discussed  by  Hribar.^6^ 

By  catalyzing  the  si 1 icon -carbide -format ion  reaction,  as  given  by 
Equation  (8),  so  that  It  is  rapid  at  the  lower  temperatures  experience..;,  it 
cay  be  possible  to  obtain  the  endothermic  benefit  and  corresponding  reduction 
in  char  depth,  resulting  possibly  in  reduction  of  the  necessary  wall  thick¬ 
ness.  By  carefully  manipulating  the  silica-resin  ratio  in  the  composite,  a 
char  stoichiometry  might  be  achieved  which  would  result  in  the  elimination 
of  subsequent  SiC  reactions,  which  could  result  In  rapid  surface  erosion. 
Going  one  step  fjrther,  the  subsequent  reactions  might  be  tolerated  to  a 
predetermined  extent  because  of  their  own  high  endotheraicity,  if  severe 
char  degradation  could  be  avoided.  Fost  of  t*  work  reported  rr.  far  has  been 
concerned  with  systems  in  which  a  low  pressure  of  CO  and  high  silica  excess 
were  present,  thus  encouraging  reactions  such  as  (9). 


i,2  FktereHcai  ConaidsmticnM  ~  Them&dynmiz* 

Standard  heats  of  reaction  for  Internal  ablation  reactions  are  summarized 
In  Table  1.  Hcte  that  if  one  assume*  that  one  gram  of  rssin  pyrclyzes  to  a 
char  containing  0.45  crsas  carbon,  and  the  carbon  reacts  with  silica  accord¬ 
ing  to  reaction  (8)*  the  heat  absorbed  by  the  C-SIO^  reaction  is  approxi¬ 
mately  S.8  times  the  heat  absorbed  by  pyrolysis. 

UnforUnately,  some  discrepancies  exist  among  the  thensodynamic  data 
reported  by  various  investigators.  Some  of  these  discrepancies  are  due  to 
the  advent  of  better  data  for  heats  of  formation  in  recent  years.  Thus  one 
must  be  very  careful  when  comparing  the  findings  of  different  investigators 
to  take  note  of  the  data  used  by  them  in  their  analyses. 

Also,  some  investigators  have  found  that  their  data  ire  well  fit  by  a 
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variety  of  expressions.  For  example,  Baird  and  Taylor,'  In  measuring  the 
free  onergy  of  SiC  by  observing  equilibrium  pressure  of  CO  over  SiO^  and 
SiC  and  C  mixtures,  determined  a  free  energy  of  formation  for  the  reaction 
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Table  1 


Reaction 


A HpSOr  cal /gm-mo 1 e 

+265  (cai/gm  r^sin  for  pyrolysis 
@  1000°F  i,2) 

+17,889 

-127,154 

+41 ,220 

+31,382 

+166,880 

+164,660 

+144,020 

+356,620 

+16S,10ri 


values  for  equations  2  to  10  were  calculated  from  data  in  the  Janaf 
Themochemical  Tables  andU.S.B.S.  Circular  600. 


Si ( i)  +  C(grdphite) — *  SiC  of 

aG°  *  *14,700  +  5.74T  cal 


They  considered  the  data  of  Hianp+rey,'  1  et  al  for  the  entropy  i.erm  more 
accurate,  and  thus  adjusted  their  equation  to  a2°  -  -19,250  +  8.3T  cal  to 
incorporate  Humphrey's  aS  of  8.3  cal/mnle  °R.  The  fit  thus  obtained  was. 
stH  1  "probably  within  experimental  error”. 

With  the  exception  of  CO,  ail  of  the  species  in  reaction  {8}  are 
assumed  to  be  solids  of  unit  activity.  Thus,  the  partial  pressure  of  CO 
and  the  temperature  are  the  variables  of  ;«tcre-»i  in  the  eqv+i  +  br-ium  of 
reaction  (31.  Reactions  (6)  and  (7)  are  also  governed  by  and  temper* - 

i  >9  \  . 

ture.  Thus  8eecher  and  Rosensweig'  '  stressed  the  importance  of  the  equil¬ 
ibrium  CO  pressure.  They  concluded  that  if  the  reaction  kinetics  were  suf¬ 
ficiently  rapid,  the  formation  of  silicon  carbide  would  be  .dominant  over 
a  temperature  range  of  approximately  ;500°C  to  20C-0°C.  Rosenswetg  and 
Beecher give  the  equilibrium  CO  pressure  as 

„  ,  ^(8.71-15^00) 


“CO  T 

where  pri>  *  atm,  T  *  °K, 

t,j  { y  D  . 

Baird  and  Taylor,'*-  1  however,  give  an  expression,  based  on  their  experimental 

results,  as 
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1Q{S.95-16, 150/7) 


FW^»V^)g»eBgqW«l&aPCT?»T*^^^  •'WJgW- 


where  again  pCQ  =  at®,  T  *  °K. 

K11nger(36^  et  al  give  a  standard  free  energy  of  reaction  for  the 
equation 

Si02(o  quartz)  +  3C{s)  *  S1C<s)  ♦  2C0{g) 
of 


A^0  •  143,480-79. 56T  (cal/gm-mole) 

The  following  equation  for  the  equi lib* lum  pressure  of  CO  has  been  derived 
from  the  free-energy  expression. 

„co  .  ,0(8-69-15^680) 


CO  pressures  calculated  from  these  equations  are  as  follows: 


T,  °K 

Table  2 

P,  atm 

Resensweig  &  Beecher 

Baird  &  Taylor 

Klinger,  et  al 

1500 

.0436 

.0155 

.0174 

1750 

1.20 

.525 

0.544 

2000 

14.45 

7.58 

7.15 

2250 

100.0 

58.9 

53.1 

Ladackl,^3^  and  Carey  and  Coulbert,^32)  among  others,  have  treated 
the  problem  of  thermodynamic  equilibrium  by  the  technique  of  calculating 
eqv  librium  composition  resulting  from  a  specified  initial  composition  of 
C  and  S102>  and  allowing  for  production  of  all  possible  chemical  species. 

Wide  temperature  and  pressure  ranges  have  been  covered.  Again s  however, 
discrepancies  are  noted.  The  results  of  Udacki  and  of  Carey  and  Coulbert 
differ  in  that  those  of  Carey  and  Coulbert  predict  a  liquid  silicon  phase  at 
temperatures  just  higher  than  those  where  SiC  is  stable,  where  the  work  of 
Udacki  ^33^  dees  not.  Otherwise  the  results  are  at  least  qualitatively 
similar.  The  results  of  Ladacki  and  of  Carey  and  Coulbert  are  shown  in 
Figures  1  and  2  for  an  initial  composition  of  82%  Si02,  15%  C,  at  5  psia. 

In  summary,  it  appears  on  the  basis  of  available  reports  that  at  a 
given  pressure,  a  temperature  favoring  the  formation  of  SiC  by  Equation  (8) 
can  be  found.  However,  a  precise  prediction  of  this  temperature  is  currently 
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EQUILIBRIA  COMPOSITION  FOR  THE  C-S102  SYSTEM  {from  Ladacki) 
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doubtful  because  of  the  high  degree  of  accuracy  required  of  free  energy  values. 
2,2.1  State  of  the  Silica 

For  most  silica-containing  composites  the  silica  will  initially  be 
present  as  the  fibers  comprising  the  woven  cloth  reinforcement.  These  fibers 

consist  almost  entirely  of  vitreous  silica,  according  to  their  manufacturers. 

(341 

As  discussid  by  Sosman,  '  at  atmospheric  pressure,  vitreous  silica 
is  thermodynamically  unstable  at  all  temperatures  below  1723°C,  the  melting 
point  of  cristobalite.  However,  at  ambient  temperatures,  no  movement  to¬ 
ward  crystalline  arrangement  has  been  detected.  Silica  gains  sufficient 
mobility  to  begin  crystallizing  only  upon  heating  to  a  red  temperature  or 
higher* 

This  crystallization  is  commonly  called  devitrification  since  it 
usually  results  in  conversion  of  the  transparent  homogeneous  glass  into  a 
white,  chalky  mass  of  minute  crystals. 

At  pressures  and  temperatures  of  interest,  several  stable  and  meta¬ 
stable  phases  of  silica  are  possible.  Very  large  pressure  differences  are 
needed  to  significantly  alter  the  temperature  ranges  of  stability  of  these 
phases.  Each  phase  also  exhibits  high-low  Inversions.  (The  nomenclature 
of  Sosman  will  be  followed  in  this  report,  he  recommands  the  use  of  high 
and  low  rather  than  a  and  0  due  to  Inconsistency  in  the  literature  in  the 
application  of  the  greek-letter  notations.  Thus  high  and  low  are  used  to 
indicate  high- temperature  and  low-temperature  modi f 'cations,  respectively.) 

High-low  Inversions  of  the  phases  of  silica  al  exhibit  the  character¬ 
istics  described  for  the  inversion  point  between  lot.  quartz  and  high-quartz 
under  atmospheric  pressure  at  573°  ±  1°C.  The  principal  features  of  the 
high  low  quartz  Inversion,  quoting  Sosman, are 

1.  On  rising  temperature,  a  gradual  increase  in  the  rate  of 
change  of  all  properties,  noticeable  at  50°C  or  more  before  the 
inversion  point  Is  reached. 

2.  An  entire  absence  of  such  a  preliminary  effect,  with  falling 
temperature,  on  the  high-temperature  side  of  the  inversion  point. 

3.  A  change  of  symmetry  at  the  Inversion  point. 

4.  An  abrupt  change  in  nearly  all  of  the  physical  properties  at 
the  inversion  point. 
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5.  The  very  small  rate  of  change  in  properties  above  573°C  as 

compared  with  the  rate  of  change  between  0°  and  573°C. 

Other  important  features  are  noted  by  Sosman.  The  inversions  occur  promptly 
when  the  inversion  pressure  or  temperature  is  reached,  completing  themselves 
in  some  instances  in  a  few  seconds.  The  Inversions  are  reversible,  and 
the  difference  in  energy  content  between  high  and  low  modifications  is 
relatively  small. 

Twenty-two  known  phases  of  silica  are  presented  in  the  following  table, 
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Table  3,  which  is  based  on  one  presented  by  Sosman:  '  Since  tridymite 
exhibits  several  inversions  in  both  its  stable  and  metastable  forms,  the 
notation  S-I,  S-II,  etc.  for  the  stable  form  inversions  and  M-I,  M-II,  etc. 
for  the  metastable  form  inversions  was  adopted. 

It  is  questionable  whether  in  a  practical  ablative  material  the  phenom¬ 
enon  of  devitrification  is  of  Importance.  The  expected  devitrification  at 
temperati *es  and  pressures  of  interest  would  be  conversion  of  the  vitreous 
silica  to  cristoballte,  even  at  temperatures  well  below  1470°C,  where 

trydymlte  S  is  the  stable  phase  since  the  glass  still  crystallizes  first 
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to  cristoballte  Irt  absence  of  flux  or  solvent.  It  Is  known'  ’  that  the 
crystallization  of  vitreous  silica  to  cristoballte  begins  only  at  the  sur¬ 
face  and  proceeds  inward,  which  accounts  for  faster  devitrification  rates 
seen  in  powdered  glasses.  It  is  also  fairly  certain  that  water  vapor  ac¬ 
celerates  devitrification. 

One  should,  however,  realize  that  the  rates  of  devitrification  of 
vitreous  silica  into  any  of  the  crystalline  phases  are  extremely  slow. 

Sosman''  '  gives  1/2  hour  as  the  time  needed  to  convert  60%  of  a  sample  of 
powdered  vitreous  silica  to  cristoballte  at  1600°C.  Since  the  exposure 
times  of  ablative  materials  are  generally  much  less  than  the  times  asso¬ 
ciated  with  devitrification,  it  is  not  expected  that  devitrification  would 
affect  the  behavior  of  the  ablative  material  to  any  oreat  degree.  However, 
it  is  possible  that  an  unforeseen  catalysis  of  devitrification  could  occur 
due  to  the  presence  of  pyrolysis  gases,  char,  and  potential  catalysts  of 
the  char-silica  reactions.  The  surface  state  of  the  silica  fibers  would 
also  be  expected  to  exert  a  large  influence  on  the  rate  of  devitrification, 
since  it  starts  on  the  surface  and  never  in  the  body  of  the  silica. 

Although  devitrification  is  not  expected  to  influence  the  char-reinforce- 
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Table  3 


THE  TWENTY-TWO  PHASES  OF  SILICA 


Mode 


Quartz 
low 
high 

Trldymlte 
$~I 
S-II 
S-II 
S-IV 
S-V 
S-VI 

M-I 
M-II 
M-  III 

Cristobal Ite 
low 
high 

Coes ite 
Keatite 
Stlshovlte 
Silica  W 

liquid 
vitreous 
supra-pl ezo- vl treous 
compacted  vitreous 
Silica  M 


Temperature  range 


-273 

tr 

573 

573 

to 

867 

-273 

to 

64 

64 

to 

117 

117 

to 

163 

163 

to 

210 

210 

to 

475 

475 

to 

867 

867 

to 

1470 

-273 

to 

117 

117 

to 

16J 

above 

163 

-27  3 

to 

272 

272 

to 

1470 

1470  to  1723 


above  1723 
-273  to  1723 


Indefinite 


Relative  stability 
“IT  *  stable) 

(M  -  metastable) 


S 

s 

M 

M 

M 

M 

M 

M 

S 

M 

M 

M 

M 

M 

S 


Pressure 

TOST 


0 
0 

0 
0 
Q 
Q 
0 

0 

0 
0 
0 

0 
0 

15-4Q 

ca.  0.8-1.31 

ca.  160 

formed  by  oxidation 
of  gaseous  S10 

0 

0 

ca.  35 

ca.  100  and  lower 


S 
M 
M 
M 

(produced  from  all 
other  phases  bv  high¬ 
speed  neutrons) 


ca.  300  to  1 700 

monotropic?  (unstable  everywhere) 
unknown 

monotropic  (unstable  everywhere) 
AMORPHOUS  SILICA 


CRYSTALLINE  SILICA 
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went  reactions,  due  to  the  relative  sluggishness  of  devitrification,  the 
possibility  deserves  careful  consideration.  Klinger, et  al,  used  a 
single  crystal  of  low  quartz  In  their  studies.  They  found  that  at  tem¬ 
peratures  of  1550°C  and  1600cC  and  times  of  190  and  150  minutes,  respectively, 
the  quartz  used  in  their  slUca-graphite  reactions  was  better  than  half 
converted  to  low  cristobalite.  Klinger  and  his  co-workers  postulated  that 
an  increased  reaction  rate  of  the  silica-graphite  reactions  which  correlated 
with  an  unexpected  disappearance  of  low  cristobalite  was  due  to  interatomic 
changes  occurring  during  the  transformation  from  quartz  to  cristobalite 
which  increased  the  reactivity  of  the  silica.  Other  investigators  have  not 
specifically  considered  the  effect  of  the  state  of  the  solid  silica  on 
reaction  rates.  Probably  as  important  as  the  state  of  the  Si02  is  the  de¬ 
gree  of  contact  between  the  carbonaceous  and  siliceous  phases  of  the  char, 
in  a  practical  ablative  material. 

2.2,2  Kinetic  Considerations 

No  studies  of  the  kinetics  of  C-S102  reactions  at  other  than  vacuum 

conditions  has  come  to  our  attention.  The  investigations  of  Beecher  and 

r  SS  \ 

Rosenswelg  and  of  Blumenthal,'  '  et  al,  have  been  confined  to  vacuum  condi¬ 
tions  for  a  temperature  range  of  13(33° C  to  1700°C.  Those  of  Kllnqer,^3^  et  al 
were  performed  In  the  range  1378°C  to  1765°C  and  also  at  vacuum  conditions. 

Unfortunately,  all  of  the  char-reinforcement  reactions  (6),  (7),  (8) 
are  thermodynamically  possible  at  the  low  pressures  employed  and  the  tem¬ 
perature  ranges  used.  Thus  the  rate  of  reaction  measured  by  the  investi¬ 
gators  is  not  necessarily  that  of  the  SIC  formation  reaction  (8).  In  fact 
all  of  the  investigators  follow  the  reaction  by  measuring  the  CO  pressure 
produced. 

Although  the  initial  studies  of  Beecher  and  Rosensweig'  ' indicated 
rapid  formation  of  SIC  in  the  temperature  range  where  it  is  thermodynamically 
dominant,  the  work  of  Blumenthal S  ^  et  al  led  to  a  reexamination  and 
correction  of  those  studies.  As  a  result,  the  kinetics  of  the  C-Si02  reaction 
wore  found  to  be  relatively  slow  except  at  very  high  temperatures,  where 
S102  is  molten  but  very  viscous. 

Several  rate  expressions  have  been  put  forth  for  the  depletion  of  carbon 
or  more  precisely,  the  production  of  CO  by  C-SiO  reactions.  They  are  not,  how 
ever  easily  comparable  since  fairly  variant  systems  were  used  to  generate  them 


c-36 


(29) 

Beecher  and  Rosenswelg,'  " '  suggested  the  following  zero  order  rate 
expression  for  the  reactions  occurring  In  samples  of  char  from  pyrolyzed 
fiberglass-reinforced  phenolic  plastic. 

dnc  *  kv  exp{-  Z/RT) 

ST 

where  nc  *  grams  carbon 

v  *  volume  of  reacting  mass 
k  *  10|J  am/cm3  min 
aE  *  92, (T]  cal  /mol  ? 

They  assumed  that  the  reaction  is  heterogeneous,  occurring  at  carbon-silica 

interfaces  randomly  distributed  throughout  the  volume.  Beecher  and  Rosensweig 

give  no  data  concerning  the  magnitude  of  the  interfacial  areas.  It  Is 

assumed  that  silica  was  in  excess  in  their  sarnies. 

( 3Sl 

Blumenthal,'  1  et  al ,  studied  the  reactions  between  carbon  and  silica 
in  pelleted  mixtures  of  17mu  graphite  pt  der  with  2.8u  low-cristobal ite 
powder  prepared  frw  decomposition  of  silicic  acid  and  with  15mp  colloidal 
silica  powder.  They  also  studied  samples  of  a  charred  silica-reinforced 
phenolic  resin.  The  molar  ratio  of  SI 0^  to  C  was  0.86  in  tne  char  samples 
and  1.0  or  3.0  in  the  pel leted  Samples .  SiCL,  was  thus  in  stoichiometric  excess 
for  the  SiC-  formation  reaction.  A  temperature  range  of  1300°C  -  1600°C  was 
covered.  It  was  found  that  the  kinetics  of  the  carbon-silica  reactions  in 
the  char  were  very  similar  to  the  reaction  kinetics  in  the  pelleted  samples. 
Romie,  in  suggested  a  f^rst  order  rate  expression  based  on  the  results  of 
Blumenthal ,  et  al 

2_dC  *  15.5  exp(20-62,500/T)C 
~3t 

3 

where  C  *  gm  carbon/cm 
t  =  time  in  hours 
T  "  temperature,  °R 

Blumenthal  and  co-workers  noted  an  increase  in  rate  for  those  samples  with 
greater  interfacial  area  between  silica  and  carbon  and  presumed  that  initally 
the  silica  surface  area  controlled  the  interfacial  area  due  to  the  smaller 
surface  area  of  the  silica. 

Klinger, et  al  performed  experiments  similar  to  those  of  Blumenthal, 
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using  a  high  purity  single  crystal  of  low-quartz  as  a  silica  source,.  It 
was  powdered  and  particles  between  105  and  149y  in  diameter  were  used  in 
the  experi aments.  Graphite  powder  used  was  less  than  44y  in  diameter.  The 
temperature  range  covered  was  1378°  tc  1 765°C.  The  molar  ratio  of  SIC,  to  C 
was  0.111  for  all  runs.  Thus  graphite  was  in  stiochioroetric  excess  for  the 
$10  formation  reaction  In  the  experiments  of  Klinger,  et  al. 

Klinger,  et  al  -found  their  data  were  correllated  by  a  linear  rate  law 
based  on  the  silica  surface  area.  Modified  to  give  carbon  depletion,  this 
equation  can  be  written  as 


dC  *  7.45  x  105  x  12  e*p(-117,000/RT)  qm/cm2sec 
3t  TTf  " 

*  1.75  x  10^  exp(-H7,000/RT)  gm/cm2sec 

2 

where  C  is  in  grams  carbon/an  silica  surface  area.  The  assumption  was 
made  that  the  silica  powder  was  spherical  in  order  to  obt*n  the  area  of 
the  powder  to  be  used  in  deriving  the  equation  from  experimental  data. 

For  experiments  proceeding  beyond  a  certain  time  (120  min  @1545°C, 

20  min  $1586°C,  and  7  min  @1610°C)  the  rate  increased  sharply  and  continued 
to  accelerate.  The  data  in  this  region  were  correlated  by 
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where  ncQ  *  moles  CO,  Klinger  et  al  give  an  activate..  t.  “rgy  for  this 
reaction  of  122±20kcal»  but  do  not  report  the  pre-exponentlai  factor  of  the 
rate  constant.  They  interpret  the  accelerated  reaction  as  being  due  to 
increased  activity  of  the  silica  during  a  phase  change  from  quartz  to  cristo- 
balite.  The  change  in  structure  is  due  to  breaking  of  Interatomic  bonds 
rather  than  displacement  of  atoms.  Klinger,  et  al ,  also  found  that  the  on¬ 
set  of  the  accelerated  graphite-silica  reaction  coincided  with  the  increase 
in  velocity  of  transformation  of  the  quartz. 

The  results  of  calculations  based  on  the  equations  of  Beecher  and 
Rosenswelg,  of  Romle,  and  of  Klinger  are  presented  in  Table  4  and  Fig.  3. 
Table  4  Includes  reaction  times  for  5GX  and  90S  depletion  of  carbon,  and 
equilibrium  CO  pressure  based  or,  the  predictions  of  Beecher  and  Rosenswelg. 
Fig.  3  presents  plots  of  carbon  depletion  versus  time  for  the  three  rate 
expressions  at  temperatures  of  2500°F,  2800°F,  and  3100°F. 
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FIGURE  3.  KINETICS  OF  C-Si02  REACTIONS 


Table  4 

faction  Times  (see) 


°co  ^ 


fe  TOTnger 


2500 

1371 

1,250 

486  ‘»22,310 

2,250  1,613 

220,158 

5.0 

2500 

1427 

505 

247 

35,160 

909  820 

70,483 

y  , 

2700 

1432 

215 

131 

13,225 

387  434 

’  tj  ,  • 

2800 

1538 

95 

72 

4,710 

171  238 

8,478 

,.4 , ; 

2900 

1593 

44 

41 

1,785 

79  1 35 

3,2  i  3 

J  1 ,  -4 

3000 

1649 

22 

24 

/JO 

40  m 

~  ^  a 

1  ,2  1*4 

105 

3100 

1705 

11 

15 

305 

20  49 

542 

1  r  ^ 

These 

results 

are  based  on  the  applicitk-;  of  the 

three  rate  laws 

presented  above  to 

a  system 

i  consisting  of  a  hy/otbetical  reinforced  cha 

Uyer  with 

a  carbon  spatial 

3 

density  of  0.25  ya/m  an* 

a  silica 

spatial 

density  of 

1.1  gm/cmJ,  The 

silica 

is  presi»v>i  present 

as  fibers 

with  a 

dl  weter  of 

0.001  an  and  a 

specif i 

c  gravity  of  2.2  gm/caT.  The 

surface 

area 

of  the 

silica. 

necessary  for 

the  applied*  of  t! 

it*  linear 

rate  e>; 

pression  <f 

Klinger 

,  thus 

reduces 

Jo  the  express inn: 

SIO^  area  *  2  asu 
— T~  5”  C38J  char 

on  char 

*  2000  an char 

The  equations  of  Beecher  and  Rosensweiu  and  of  SpeHc  predict  similar 
.reaction  times  for  a  given  degree  of  carbon  depletion,  especially  at  the 
upper  range  -f  temperature.  Klinger's  rats  expression,  however,  predicts 
reaction  times  from  one  to  two  orders  of  magnitude  longer.  Klinger's  data 
mrt  found  using  low  quart  z  with  an  excess  of  graph  He,  whereas  those  of 
Rowie  were  ba^nd  on  t no  silica-carbon  ratios,  ke. ,  equiasolal  and  three  to 
one  silica  to  carbon.  The  exper-vr-anls  of  31u»enthal ,  et  al ,  upon  which  •>— i 
based  his  aquation,  were  carried  out  wH-h  colloids’,  silks  and  car '-on  black. 
Rosensweig  and  Beecher  refer  to  their  staples  asthar  trots  fvber- 

glas  -reinforced  phen-lic  plastic*.  Since  KTinger.  et  al,  based  their  we-ast 
wents  on  silica  surface  area,  the  effects  of  variant  parti,  i*  sue  t  o 
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not  be  a  factor  in  their  equation.  It  is  possible  that  the  much  slower 
reaction  times  predicted  by  Klinger's  e  at.ion  are  due  to  the  silica  be i re¬ 
present  as  quartz,,  s^ce  when  the  qu?  u  began  to  invert  to  cristobalite, 
large  increases  in  reaction  rate  were  noted. 


2-2-3  Effect  of  Catalysis 

The  effect  of  a  catalyst  is  to  change  the  rate  of  a  reaction  without 
changing  itself  over  the  course  of  the  reaction.  If  a  catalyst  were  found 
that  could  catalyze  the  si 11  con- carbide  formation  reaction  end  thereby 
significantly  increase  the  rate  at  lower  temperatures,  one  rnib.:t  obtain  the 
endothermic  benefits  and  corresponding  reduction  in  char  depth, 

/  38  \ 

Experiments  conducted  by  Cutler1  '  in  1956  with  silica  and  carbon 
showed  that  transition  metals  were  effective  in  catalyzing  the  synthesis  of 
silicon  carbide.  It  was  believed,  therefore,  that  transition  metals  would 
cs  affective  also  with  $1  Hce.  M  mar  in  py  roly  zed  ablative  composites. 

The  preliminary  experiments  performed  here  pr*  iously  (see  the  paper 
“Catalysis  of  Internal  Endothermic  Ablsv'-on  Reactions  Between  Char  and 
Reinforce^ni"  included  in  the  Append’ x }  support  the  premise  that  a 
significant  char  layer  reduction  can  be  realized, 

!  A  Q  V 

Catalysis  of  similar  reactions  has  been  reported  by  Rafcszawsfci s ' 
et.  al .  who  found  that  the  addition  of  510  ppm  of  f'  resulted  in  c  170- fold 
increase  at  KKXT'C  in  the  reactivity  of  graphite  over  that  of  pure  grar>M  ce 
in  the  carbon-carbon  dioxide  reaction,  fftey  also  noted  a  treno  iuordni 
.  creased  catalytic  effect  with  a  decrease  in  Fe  particle  size.  Rakszawski , 
et.  al  briefly  review  several  theories  as  to  the  mechanism  of  catalysis  of 
the  C-CG,  reaction  by  Fe.  It  has  been  postulated  that  the  gasification  of 
carbon  (by  desorption  of  CO  from  the  surface  c-+  graphite)  would  oe  enhanced 
if  electrons  were  transferred  from  the-  graphite  to  a  catalyst.  It  is  sug¬ 
gested  that  transition  elements  accept  electrons  because  of  the  nor, -stoichio¬ 
metric  character  of  their  oxides.  Also,  transition  metals  are  believed  to 
be  able  to  accept  electrons  ss  a  result  of  their  d-orbitals  being  unfilled. 
Thus  they  would  be  able  to  catalyze  t he  oxidation  of  graphite  by  accepting 
its  electrons  ana  enter-  :--g  the  desorption  of  CO. 

Another  possible  mechanism  is  dissolution  of  CO,  on  Fe  to  give  CO  and 

i- 

adsorbed  oxygen  atoms,  the  oxygen  atoms  are  supposed  to  be  highly  mobile  on 


thp  Pe  surface  and  thus  could  diffuse  to  a  free  carbon  interface,  there  to 
react  forming  gaseous  CO. 

The  large  increase  noted  by  Rakszawskl  in  the  rate  of  the  C-C02  reaction 
is  of  Interest  because  this  reaction  *n1yht  be  expected  to  display  a  similarity 
to  C-SiOg  inactions,  in  that  silica  and  carbon  are  members  of  the  same 
column  of  the  periodic  table.  Also,  the  reactions  both  produce  CO,  toward 
which  the  behavior  of  the  catalyst  would  be  expected  to  vary  little,  re¬ 
gardless  of  which  reaction  produced  it.  The  actual  mechanism  of  catalysis, 
then,  remains  to  be  seen,  and  should  be  emphasized  in  subsequent  work. 

2.2.4  Possible  Catalysts 

To  ^  an  acceptable  potential  catalyst  material,  the  compound  considered 
must  be  capable  of  being  incorporated  into  a  composite  material  without  de¬ 
trimentally  altering  the  properties  of  the  material.  Metals  can  be  and  have 
been  introduced  as  fi  e  powders  and  as  powdered  oxides.  These  solid  forms 
have  the  advantage  that  they  do  not  disturb  the  resin  phase  of  the  material, 
but  the  disadvantage  that  a  uniform  dispersal  is  difficult  to  achieve. 

Therefore,  it  was  felt  that  a  compound  soluble  in  the  resin  phase  might 
be  the  best  way  of  introducing  a  potential  transition  metal  catalyst.  A 
uniform  dispersion  in  the  resin,  and  very  small  particle  size  were  expected. 

Investigation  of  available  transition  metal  compounds  indicated  that 
metal-organic  compounds  of  the  ferrocene  system  might  well  serve  the  purpose. 
These  compounds  are  soluble  in  phenolic  resin  systems  of  interest,  sometimes 
with  the  aid  of  a  co-solvent,  such  as  benzene,  which  can  be  easily  removed 
from  the  uncured  resin  by  evaporation  after  impregnation  and  prior  to  curing 
of  the  laminate. 

As  compared  to  many  meta'i -organic  compounds,  ferrocene  and  the  other 
metallocenes  are  remarkable  stable.  The  components  of  a  ferrocene  molecule 
are,  essentially,  two  cyclopentadlenate  anions  and  one  ferrous  cation,  Fe54. 

The  actual  structure  is  best  shown  as  in  Fig.  4,  where  the  dotted  lines 
indicate  that  the  ferrous  ion  is  equally  shared  by  each  carbon  atom. 

Man./  substituted  metallocenes  are  known,  some  of  which  are  liquids  at 
room  temperature  (e.g.  n-butyl  ferrocene}.  The  more  reactive  metallocenes 
can  be  kept  In  solution,  although  some,  such  as  cobaltocene,  are  poisonous 
or  flammable.  Ferrocene  itself  is  recoverable  from  solution  in  concentrated 


sulfuric  or  hydrofluoric  acid.  Ferrocenes  also  possess  the  advantage  that 
the  organic  portion  Is  entirely  composed  of  carbon  and  hydrogen,  especially 
of  carbon.  The  entire  non-metal 11c  portion  of  the  molecule  would  be  expected 
to  contribute  to  ehar  formation  and  to  cooling  by  liberating  hydrogen  gas. 

In  addltWn,  the  metal  weight  percent  of  ferrocenes  is  much  higher  than  In 
mar\y  metal -organic  compounds. 

Other  compounds  of  the  transition  metals  may  also  prove  useful  for 
certain  metal  additions.  Rakszawskl et  al,  obtained  good  catalytic 
activity  In  their  Investigation  of  graphlte-COg  reactions  by  introducing 
Iron  In  the  form  of  ferric  oxalate. 

Carbonyls  of  several  metals.  Including  nickel,  Iron,  cobalt,  and 
chromium  are  known  and  might  be  used  for  the  Introduction  of  the  metals 
into  the  resin  phase.  Carbonyls  are,  however,  generally  quite  toxic  and 
flammable,  as  well  as  being  quite  volatile  at  room  temperatures.  These 
properties  would  tend  to  discourage  their  use.  The  structure  of  Iron 
Carbonyl  is  shown  in  Fig. 5. 

Metal  chelates  and  organic  salts  of  the  metals  are  possible  means  of 
introducing  desired  transition  metals  Into  the  resin  phase;  however,  generally 
the  weight  *  of  metal  In  these  compounds  Is  not  as  good  as  that  of  the 
ferrocenes,  necessitating  greater  possible  disturbance  in  the  resin.  These 
compounds,  however,  might  be  used  to  pretreat  the  reinforcement,  or  silica, 
phase  of  a  composite,  thus  resulting  in  a  material  wherein  most  of  the 
catalyst  would  be  concentrated  at  the  phase  boundaries.  Several  possible 
compounds  of  this  class  are  shown  in  Fig.  5. 


2.3  Experimental  Work 

Actual  experimental  work  has  Included  the  development  of  techniques 
for  uniformly  manufacturing  satisfactory  laminates  for  testing  In  the 
laboratory.  Preliminary  charring  tests  have  been  performed  on  laminates 
made  from  commercially  prepared  pre-lmpregnated  silica-phenolic  material 
and  on  hand  laid  materials  made  up  with  and  without  powdered  and  soluble 
catalyst  materials.  These  tests  were  performed  In  arc-imaging  furnaces  as 
described  below.  Also,  a  small  hybrid  plexiglass-oxygen  rocket  motor  has 
been  built  and  fired.  After  some  redesign,  this  motor  will  be  used  to 
determine  the  effect  of  combustion  on  the  thermal  response  of  ablative 
materials.  Pre-Installation  preparation  for  a  hot-gas  flow  facility  Is 
underway.  The  facility  will  be  used  for  studying  the  effect  on  composite 
materials  of  high- temperature  environments  generated  by  controlled  combustion 
of  liquid  fuels  (e.q.  methanol)  with  air-oxygen  mixtures. 

These  phases  of  the  work  are  discussed  in  more  detail  below. 

2.3.1  Fabrication  Technique 

Even  before  Project  THEMIS*  a  Wabash  hydraulic  press,  shown  In  Fig.  6 
was  available  for  our  research  work.  This  press  had  been  used  to  fabricate 
small  samples  of  laminated  composites.  The  press  is  capable  of  exerting  a 
pressure  of  twelve  tons  on  a  3.14  square  inch  ram.  The  platens  of  the  press 
can  be  electrically  heated  up  to  600°F,  and  the  temperature  Is  thermo¬ 
statically  controlled.  The  platens  are  10”  x  7"  In  dimension. 

It  has  been  found  that  the  tendency  of  a  composite  to  delaminate  upon 
release  from  the  press  or  upon  heating  in  the  arc-imaging  furnace  is  related 
to  the  methods  used  in  Impregnating  the  cloth  used  In  the  composite  with  the 
A-state,  or  liquid  resin,  and  to  the  treatment  given  the  samples  during  the 
time  they  are  in  the  press.  At  first,  samples  had  been  made  by  brushing 
powdered  catalysts  onto  commercially  prepared  prepreg sheets  approximately 
l/32-1nch  thick  or  onto  the  silica  cloth  reinforcement  of  the  hand-laid 
samples.  Resin  was  applied  to  the  reinforcement  of  hand-laid  samples  with 
a  paint  brush. 

It  was  found  that  removal  of  air  bubbles  In  hand- impregnated  cloth 
could  be  accomplished  by  a  brief  exposure  of  the  wet,  just-soaked  cloth  to 
a  vacuum.  Impregnation  of  hand-laid  samples  Is  now  accomplished  by  sand- 
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wlchlng  the  resin  end  silica  cloth  between  two  cellophane  sheets  and  working 
the  resin  through  the  cloth  manually  by  rolling  a  length  of  soft  rubber 
hos®  over  the  outside  of  the  sandwich.  When  a  uniform-appearing  impregnation 
is  obtained,  the  sandwich  Is  put  In  a  vacuum  chamber  and  left  until  offgassing 
of  bubbles  ceases.  It  Is  felt  that  the  release  of  the  vacuum  also  helps  to 
force  the  resin  Into  the  interstices  of  the  cloth. 

The  Impregnated  cloth  is  allowed  to  become  dry  to  the  touch  before 
curing  In  the  press.  This  stage  Is  often  called  the  'B-stage'.  The  material 
can  be  easily  handled,  but  is  not  cured  completely. 

Curing  Is  done  In  the  press,  generally  at  temperatures  around  300°F  and 
at  various  pressures.  Release  of  the  pressure  just  before  set-up  of  the 
resin  has  beei  found  beneficial  In  preventing  delaminations.  A  large 
volume  of  gas  usually  accompanies  this  pressure  release,  which  is  probably 
a  partial  reason  for  the  reduced  amount  of  delamination. 


2.3.2  Im&ae  Furnace  Tests 

Preliminary  experiments  with  metal  and  metal  oxide  catalysts  are 
described  In  detail  in  the  AIAA  paper  Included  In  the  Appendix.  These  tests 

were  conducted  in  an  arc-1rm.g1ng  furnace  employing  a  Hg-Xe  lamp  as  the 

o 

energy  source.  The  tests  were  made  with  a  heat  flux  of  45  cal /cm  sec  and 
heating  tiroes  ranged  from  5  to  45  seconds.  The  results  of  the  tests  were 
that  the  measured  char  depths  of  samples  containing  transition  metal  powders 
were,  without  exception,  less  than  those  for  control  samples  prepared 
simultaneously  but  containing  no  potential  catalyst.  The  percentage  of 
char  depth  reduction  ranged  from  5X  to  25S. 

More  recent  tests  have  been  attempted  utilizing  catalysts  such  as 
n-butyl  ferrocene,  In  an  arc-imaging  furnace  utilizing  the  same  lamp  as  in 
the  preliminary  tests,  but  in  an  entirely  different  configuration.  The 
present  furnace  was  built  up  to  study  propellant  burning  problems  and  un¬ 
fortunately  is  In  many  respects  less  suitable  than  the  original  furnace  was. 
The  present  furnace  delivers  a  larger  'hotspot'  approximately  3/4"  In 
diameter  and  probably  a  much  lower  radiant  flux.  Calibration  of  the  furnace 
has  not  as  yet  been  possible,  but  will  shortly  be  accomplished.  This  furnace 
is  shown  in  Fig.  7.  The  recent  tests  have  been  plagued  by  delamination 


FIGURE  7.  MERCURY-XENON  IMAGING  FURNACE 


problems  which  were  not  noted  In  the  preliminary  tests.  These  recent  tests 
were  on  hand-laid  samples  whereas  most  of  the  preliminary  tests  were  made 
with  prepreg  laminates.  Also,  the  recent  tests,  because  of  the  large  hot 
spot  of  the  present  furnace,  used  2“  square  pieces  of  laminate,  as  con¬ 
trasted  with  the  1  cm  discs  used  In  the  preliminary  tests.  It  Is  possible 
that  the  delamlnatlons  may  be  due  to  the  large  area  under  low  flux,  applied 
perpendicularly  to  the  piles.  The  chars  developed  under  these  conditions 
may  not  be  porous  enough  to  pass  the  gases  produced.  More  probably,  the 
delamlnatlon  Is  due  to  Inexperience  In  the  art  of  laying  up  the  materials. 

In  the  most  recent  tests,  the  cellophane  sandwich-vacuum  bubble 
removal  technique  was  used  for  Impregnation  of  some  samples.  These  samples 
showed  little  or  no  delamlnatlon.  A  comparison  of  samples  made  by  this 
new  technique  and  those  made  by  the  older  paintbrush  method  after  exposure 
to  the  arc-imaging  beam  Is  shown  In  Fig.  8.  It  may  be  more  realistic  to 
fabricate  samples  so  that  the  flux  can  be  applied  end-grain,  since  In  use 
the  materials  generally  would  be  laid  up  so  that  the  heat  flux  would  not 
be  perpendicular  to  the  laminations,  as  Illustrated  In  Fig.  9. 

2.3.3  Hybrid  Rocket  Motor 

A  small  hybrid  rocket  motos  operating  on  plexiglas  fuel  and  gaseous 
oxygen  was  built  as  a  senior  thesis  project  and  fired  many  times.  The 
rocket  consists  of  two  machined  metal  plates  bracketing  a  replaceable 
cylinder  of  plexiglas,  and  held  together  by  carriage  bolts.  A  graphite 

nozzle  can  be  Inserted  and  held  in  place  by  one  plate.  The  other  plate  is 

attached  to  a  chamber  in  which  propane  Is  spark-lgni.ed  to  Initiate  com¬ 
bustion  of  the  plexiglas.  Oxygen,  propane,  and  nitrogen  lines.  Incorporating 
solenoid  shut-off  valves,  feed  into  the  Ignition  chamber  and  thence  Into  the 
plexiglas  cylinder.  This  system  Is  Illustrated  schematically  In  Fig.  10. 

The  present  system  has  a  pronounced  tendency  to  leak.  It  is  being  re¬ 
designed  both  to  eliminate  the  leaks  and  to  provide  more  flexibility  of  con¬ 

figuration.  The  redesigned  rocket  will  Incorporate  new  end  plates  for  more 
structural  rigidity  and  easier  disassembly.  Blocks  of  ablative 
material  can  be  located  both  within  and  downstream  from  the  plexiglas  fuel 
so  that  the  effects  of  combustion  on  the  thermal  response  of  the  test  materials 
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'raffing  fr^t  very  imM  life  $e&&t*ding  on  the  location  in  the  apparatus, 
tm  fee  expected.  ofeisiMh'le  will  depend  on  the  thickness  of 

pltjKlglts  uses. 

t» 3.4  Hot  Gas  Flow  Facility 

Purchase  of  a  hot-gas  flow  facility  has  bgen  initiated.  This  facility 
will  consist  of  a  device  for  the  controlled  combustion  of  liquid  fuel 
(e,§.  methyl  alcohol)  with  air,  oxygen,  or  mixtures  thereof  to  produce  a 
hot  gas.  The  system  includes  subsystems  as  described  below.  Air  supply  to 
the  facility  will  be  accomplished  separately  from  the  proposed  facility, 
and  consists  of  a  3000-psi  compressor,  provision  for  oil  and  water  re- 
movai  and  approximately  400  ft  of  air  storage  capacity.  A  schematic  of 
the  overall  system  appears  as  Fig.  11.  The  proposed  facility  subsystems  are 
as  follows:  ‘| 

1.  Methyl  alcohol  (fuel)  system:  The  fuel  storage  tank  Is  ! 

stainless  steel  with  a  volume  of  1.5  ft.  rated  at  100  psl.  j 

The  fuel  is  pressurised  with  nitrogen  by  means  of  a  hand  i 

loader.  All  required  fill  and  drain  capability  is  provided.  j 

Fuel  flow  rate  is  monitored  by  orifice  flowmeter  and  dif-  i 

ferentlal  pressure  gage.  Fuel  flow  Is  controlled  by  a  re-  j 

mote  throttling  valve. 

2.  Air  pressure  and  flow  regulation  system:  The  air  pres¬ 
sure  is  regulated  by  a  dome  loaded  pressure  regulator.  Flow  ; 

control  is  exercised  by  means  of  remote  throttling  valves. 

Air  flow  rate  is  monitored  by  an  orifice  flowmeter  and  dif¬ 
ferential  pressure  gage.  Physical  properties  of  air  are 
monitored  at  metering  element.  Air  system  Is  safety  re¬ 
lieved. 

3.  Oxygen  pressure  and  flow  regulation  system:  The  com¬ 
bustor  Is  designed  to  burn  either  air  or  oxygen  in  the 
primary.  The  oxygen  used  In  this  manner  is  stored  and  sup¬ 
plied  external  to  the  present  system.  The  pressure  regula¬ 
tion  and  flow  control  of  oxygen  Is  accomplished  In  a  manner 
similar  to  the  air  flow.  The  oxygen  system  piping  is  entire- 
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FIGURE  11.  HOT  GAS  FLOW  FACILITY  SCHEMATIC 


1y  stainless  steel. 

4,  General  purpose  air-oxygen  and  methyl  alcohol  combustor: 

The  combustor  Is  fabricated  entirely  of  stainless  steel  and 
consists  of  the  following  components:  a)  a  six-point  tri¬ 
plet  water  cooled  primary  Injector;  b)  a  water  cooled  tur¬ 
bulence  ring;  c)  a  water  cooled  combustor  with  a  4  Inch  I. 

0.  and  36  inch  length;  d)  a  removeable  secondary  air  injector 
located  24  Inches  downstream  of  the  primary  injector  (is 
removed  for  operation  at  temperatures  In  excess  of  1500°F); 
e)  a  water  cooled  screen  grid  located  at  the  exit  of  the 
combustor;  and  f)  a  circular  4  inch  I.D.  to  square  transition 
section. 

5.  Control  and  facility  instrumentation  system:  The  nec¬ 
essary  static  Instrumentation  of  storage  pressures  are  pro¬ 
vided  on  all  tankage.  Flow  Instrumentation  required  to 
duplicate  a  run  point  Is  provided  by  the  flow  meters  and 
pressure  and  temperature  sensors.  Combustor  total  tem¬ 
perature  instrumentation  are  provided  at  the  exit  of  the 
transition  section. 

The  facility  as  proposed  would  exhibit  the  following  nominal  operational 
specifications.  Total  Temperature:  ambient  -  4500°F;  Pressure:  ambient 
to  575  psla  cold,  50-400  psia  015QO°F,  50-200  psia  B4500°F;  Flow  Rate:  0.3- 
3.0  Ib/sec  91  s  1500°F,  0.3  -2.0  Ib/sec  91  *  4500°F.  Installation  of  the 
facility  will  be  In  tunnel  0610,  located  below  ground  level  just  north  or 
the  Merrill  Engineering  Building.  The  air  supply  tanks  are  presently  In 
place  on  the  surface  Just  west  of  the  tunnel,  and  the  compressor  Is  being 
located  In  the  west  end  of  the  tunnel. 

2.4  direction  of  Continuing  Research 

Work  In  progress  or  planned  for  the  ««ar  future  Includes  redesign  and 
fabrication  of  Improved  parts  for  the  hybrid  rocket  motor  previously  men¬ 
tioned.  This  will  be  done  soon,  as  the  redesigned  parts  will  be  easy  to 
fabricate.  The  rocket  will  then  be  used  to  Investigate  the  response  of 
catalyzed  and  uncatalyzed  materials  to  subsonic  combustion  high-shear  envi¬ 
ronments. 
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An  optical  glass  aome  has  been  procured  for  use  in  a  controlled 
atmosphere  chamber  for  exposure  of  ablative  samples  in  the  arc-imaging 
furnace.  This  chamber  will  enable  us  to  determine  the  relative  effects  of 
Inert  or  reactive  atmospheres  such  as  CO  at  pressures  from  vacuum  to 
slightly  above  atmospheric  pressure. 

The  thermogravlmetrlc  analysis  equipment  described  under  Phase  I  above 
will  lend  Itself  readily  to  study  of  the  C-SiQ,,  reactions  with  slight 

L 

modifications  for  higher  temperature  capability.  Several  topics  of  in¬ 
vestigation  are  suggested:  effect  of  catalyst  substances  on  the  reaction, 
mechanism  of  the  catalysis,  effect  of  particle  size  on  the  rate  of  reaction, 
and  effects  of  CO  pressures  up  to  1  atm  on  the  reaction  rate.  The 
modifications  necessary  are  under  investigation  with  the  cooperation  of 
the  Materials  Science  and  Engineering  Group  in  the  College  of  Engineering. 

Reparation  for  the  Installation  of  the  hot-gas  flow  facility  is 
underway.  Necessary  provision  for  high  pressure  air  supply,  cooling 
water,  exhaust  disposal,  power  supply,  etc.,  must  be  made.  The  proposed 
system  Is  to  be  delivered  subassembled  to  facilitate  Installation. 

The  facility  will  be  used  to  observe  the  thermal  response  of  ablative 
materials  to  clean,  high- temperature  products  of  combustion.  Wide  ranges 
of  temperature,  pressure,  and  flow  velocity  are  feasible.  The  partial 
pressure  of  CO  Is  also  capable  of  large  variation  by  adjusting  the  fuel/ 
oxidizer  ratio  of  the  facility.  Thus  the  effect  of  CO  pressure  on  the 
carbon-silica  reactions  can  be  investigated  In  a  flow  environment. 


3.0  PHASE  III  GAS-LIQUID  SURFACE  EFFECTS--C.  Hsleh* 

3,|  Introduction 

The  silica  fibers  In  the  plastic  matrix  of  an  ablative  composite 
not  only  provide  mechanical  reinforcement,  but  also  serve  an  Impor¬ 
tant  function  in  the  ablation  process.  When  subjected  to  sufficient 
aerodynamic,  thermal,  and  shear  forces,  ..he  reinforcement  materials 
may  eventually  melt  and  form  a  glassy  liquid  layer  on  the  charred 
surface.  Sutton ^^has  shown  that  under  certain  conditions  only 
701  of  the  energy  originally  ♦»*ansferred  to  the  surface  of  the 
liquid  layer  Is  conducted  Into  the  non-flowing  solid  interior.  The 
molten-layer  absorbs  heat  In  several  ways.  Energy  Is  absorbed 
through  the  materials'  heat  of  fusion  and  heat  capacity  when  the 
temperature  of  the  liquid  increases.  At  the  molten-layer  surface, 
the  materials  undergo  endothermic  chemical  reactions  or  vaporization^ 
and  absorb  significant  amounts  of  heat.  Heat  transfer  to  t  e  molten 
layer  surface  can  also  be  reduced  by  injecting  Into  the  gas  boundary 
layer  foreign  gases  which  are  the  products  of  chemical  reaction  or 
vaporization  of  molten  materials.  Another  function  of  the  molten- 
layer  is  to  form  a  uniform  surface  on  the  charred  materials.  Whenever 
a  surface  Indentation  occurs  by  spalling  of  the  char,  liquid  silica 
will  flow  Into  the  hole  and  smooth  the  surface  again. 

The  effectiveness  of  an  ablative  material  is  determined  by  the 
energy  absorbed  per  unit  mass  ablated.  The  mo! ten- layer  flows  under 
the  shear  or  pressure  force  of  the  gas  boundary  layer,  and  a  consider¬ 
able  portion  of  the  ablation  materia*  say  be  blown  off  before  It  has 
absorbed  the  maximum  potential  amount  of  energy  and  has  undergone 
chemical  reactions  or  vaporization.  Thus,  a  competition  exists  be- 

*#r,  CMa-lung  Hsleh  received  a  B.S.  degree  In  Chemical 
Engineering  in  1966  fro©  Tunghal  University  In  Taiwan.  Since 
September  1967  he  has  attended  the  University  of  Utah,  where 
he  is  a  candidate  for  a  Ph.D.  in  Chemical  Engineering,  and  has 
worked  on  Phase  III  of  this  program. 
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tween  the  reactions  and  the  blow-off  of  the  melt  layer.  In  order 
to  Increase  the  efficiency  of  the  ablative  material,  the  following 
properties  of  the  system  are  dos!~ed:  (1)  high  viscosity  of 
molten-layer;  (2)  small  shear  force  acting  on  the  surface  cf  the 
molten-layer;  (3)  rapid  rate  of  chemical  reactions  or  vaporization 
of  molten  materials  compared  to  flow-off;  (4)  strong  cohesion  of 
glassy  liquid  on  the  charred  surface.  Bro^  has  pointed  out  that 
the  rate  of  chemical  reactions  are  controlled  by  the  rate  of  mass 
transfer  into  its  surface.  If  we  increase  the  rate  of  evolution  of 
pyrolysis  gases,  we  may,  therefore,  be  able  to  Increase  the  rate 
of  chemical  reactions.  Mass  transfer  can  also  change  the  velocity 
profile  and  properties  of  the  gas  boundary  layer,  and  so  reduce  the 
shear  force  acting  on  the  liquid  surface.  But  Increasing  the 
pyrolysis  gas  rate  will  also  decrease  the  viscosity  of  glassy 
liquid.  The  gas  rate  can  be  controlled  by  changing  percentage  of 
plastic  in  the  composite-material,  or  by  adding  a  catalyst  for  the 
pyrolysis  of  the  plastic. 

Since  the  molten-layer  is  formed  of  several  different  chemicals, 
different  surface  energies  exist.  Some  special  molecules  may  have 
a  greater  tendency  of  moving  toward  the  liquid  surface  where  inter- 
phsse  chemical  reactions  take  place.  It  Is,  therefore,  desirable 
to  find  some  surface  active  agents  which  can  promote  this  tendency 
and  increase  the  chemical  reactions  or  vaporization  rates.  However, 
one  must  be  careful  that  the  addition  of  surface  active  agents  do 
not  reduce  the  viscosity  of  the  glassy  liquid  or  alter  other 
favorable  properties. 

Glass  has  a  very  high  surface  energy,  and  has  the  tendency  to 
form  droplets.  These  droplets  can  be  blown  off  easily  by  rolling 
on  the  charred  surface.  This  reduces  the  efficiency  of  the 
ablative  materiel  and  causes  the  roughness  and  unevenness  on  the 
surface.  In  order  to  prevent  the  formation  of  droplets.  It  Is  an 
ifffjortant  task  to  Increase  the  wettability  of  glassy  liquid  on  the 
solid  surface.  The  solution  of  this  problem  is  to  add  Into  the 
molten-layer  surface  active  agents  which  can  deposit  a  monolayer 
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between  the  molten-layer  and  the  solid  surface.  If  the  oute*-mo$t 

portion  of  the  monolayer  absorb**4  *■  r.  the  solid  surface  has  a  larger 

critical  surface  ‘"-'Ion  of  wetting  than  the  surface  tension  of 

liquid,  the  molten-material  can  form  a  coherent  and  uniform  fpm 

(A3) 

covering  the  solid  surface/ 


3.2  Lite rature  Survey 


Sutton'  'was  the  first  to  Investigate  theoretically  the 
steady-state  melting  of  an  ablating  semi-infinite  glassy  material. 

He  solved  the  problem  by  numerical  Integration  of  the  governing 
microscopic  balance  equations.  His  solution  was  the  basis  for 
the  more  complete  and  rigorous  treatment  of  steady-state  melting  and 
vaporization  by  Scala  and  Sutton. However,  numerical  procedures 
are  often  too  cuofcersome  and  time-consuming,  and  approximate  methods 
of  integrating  simplified  governing  equations  often  Illustrate  the 
essentia?  features  of  a  process.  Accordingly,  Dorrance^ simplified 
the  problem  by  making  the  approximation  of  constant  shear  stress 
across  the  molten-layer  which  permitted  a  couette-flow  type  solution, 
Lees^ ^obtained  the  approximate  solution  by  assuming  a  velocity 
profile  for  the  molten-layer.  Bethe  and  Adams integrated  the 
simplified  equations  by  neglecting  Inertial  forces  and  assuming  a 
temperature  profile.  Rosentwelg  and  Beecher^^ extended  the  method 
of  Bethe  and  Mans  to  a  composite  system  Involving  chemical  reactions. 
They  assumed  there  was  an  Isothermal  chemical  reaction  zone  existing 
between  the  molten-layer  and  ps  boundary  layer.  Hidalgo'  '  also 
extended  Adams*  approximation  for  the  turbulent  boundary  layer  and 
to  a  system  involving  radiation  heat  transfer.  McFarland  and 
Hamsr  *  approached  the  problem  by  an  approximate  coupling  between 
the  momentum  and  energy  equations  In  the  form  of  a  velocity  ex- 
■porienf,.  ' 

Sutton has  shown  that  all  approx  haste  theories  yield  values 

(32 1 

of  heating  and  melting  rates  which  are  too  large,  Adas'  has 
shewn  that,  in  comptri son  with  transient ^solutions,  $uttori*s  work 
(qtfsi -steady)  yields  unreliable  mults  and  falls  to  mprd  the 


necessary  thickness  of  ablative  material. 

The  transient  state  of  the  melting  of  glassy  material  was  first 

{ 53) 

studied  by  Den  ison1  '.  His  assumptions  for  a  flat  plate  mol  ten- 

layer  were  constant  shear  stress  and  linear  temperature  profile 

through  the  liquid  layer.  Ostrach,  et  alv  *  '  1  have  investigated 

the  initial  period  of  melting  for  a  system  without  mass  transfer  at 

the  gas-liquid  interface.  He  integrated  the  unsteady  energy  equations 

and  steady-state  momentum  equation  without  inertia  force.  Adams^*^ 

(57) 

also  integrated  the  same  equations  by  a  numerical  method.  Chen'  ' 
has  transformed  the  general  governing  equations  by  Levy  and  Mangier 
transformations  to  obtain  a  numerical  result  for  the  transient  state 
of  a  melting  and  vaporizing  ablation. 

Although  the  relationship  oetween  viscosity  and  liquid  ablation  has 
been  thoroughly  explored,  the  use  of  surface  active  agents  for  increasing 
chemical  reactions  or  wettability  of  glassy  liquid  has  attracted  little 
attention.  Steve* ding^  ’  '  ;  has  a  brief  discussion  of  the  surface 
phenomena  of  ablating  liquid  and  states  that  the  addition  of  certain 
oxides  such  as  FeO,  i^O,  should  improve  the  performance  of  the 
molten-layer. 

3.3  Direction  for  Continuing  Research 

Even  though  a  number  of  theoretical  investigations  concerning 
the  molten -layer  have  appeared  during  the  last  decade,  no  c -curate 
experimental  data  are  available  fo;  comparison  with  these  theories. 

The  difficulty  of  measuring  the  temperature  profile  within  the 
liquid  layer  Is  one  reason  for  the  lack  of  accurate  data.  In 
addition,  the  melt  flow  Is  generally  not  smooth  but  quite  irregular. 

'In  order  to  have  a  complete  study  of  the  sol ten»l aye r,  the  development  of 
an  experimental  technique  Is  art  essential  for  the  coming  year,  tfe 
hope  to  obtain  accurate  measurements  of  temperature  profile,  velocity 
profile,  end  flow-off  rate  of  tne  mol  ten- layer. 

As  has  been  Motioned  in  the  last  section,  the  theoretical 
studies  alone  cannot  provide  reliable  results  for  practical  oppHV 
cations.  In  these  theories,  constant  properties  (except  viscosity)  of 
the  mol  ten-layer  arc  assumed.  $ut  heat  capacity.,  and  heat  conductivity 


fen  \ 

of  glassy  liquid  are  all  functions  of  temperature.  Citron'  1  has 
show  the  difference  between  constant— and  variable— properties 
solutions  for  the  molten-layer  Is  appreciable.  All  the  previous 
investigators  assumed  the  glassy  liquid  to  be  a  Newtonian  fluid. 

They  also  assumed  the  viscosity  of  the  glassy  liquid  as  an  exponential 
function  of  temperature,  and  neglected  the  effect  of  pyrulyted  gases 
which  penetrated  through  the  mol  ten- layer.  But  at  high  temperatures, 
glassy  liquid  behaves  as  a  non-Newtonian  fluid. The  viscosity 
of  the  glassy  liquid  Is  reduced  when  the  bubbles  of  pvrolysis  gases 
pass  through  the  molten-layer.  Therefore,  we  intend  to  conduct  both 
theoretical  and  experimental  studies  of  molten-layer  by  treating  it 
as  a  non -New ton 1  an  fluid.  We  are  also  Interested  in  determining 
the  effect  of  the  penetrating  gases  on  the  behavior  of  molten-material. 

We  are  Interested  in  finding  sora  surface  active  agents  which 
can  either  promote  tb\  chemical  reactions  or  change  the  surface  energy 
of  molten-material  and  charred  surface.  Since  gases  exist  within 
the  molten-layer.  It.  will  also  be  necessary  to  find  out  whether  the 
pyrolysis  gases  do  have  any  effect  on  the  surface  phenomena  of  the 
mol  ten- layer.  Do  the  gases  form  a  monolayer  between  the  mol  ten- 
material  and  charred  surface?  J*  *ny  gases  play  an  important  role 
in  the  surface  phenomena  of  the  molten-layer,  then  methods  to  con¬ 
trol  the  rate  and  composition  of  the  gas  should  be  employed. 
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Abstract 

increasing  uae  has  bees  made  of  ablative 
materials,  such  *9  phenolic-silica,  to  protect 
structure*  from  high  h**t  f Aunts  and  high  tempera¬ 
tures.  Potentially,  the  heat  can  he  absorbed  to  e 
considerable  extent  by  endothermic  chemical  reac¬ 
tions  which  convert  a  portion  of  the  solid  material 
to  gee.  Typically,  the  follot/iag  desses  of 
residents  are  the itnodyneea cal ly  feasible: 

1,  deccrpoaliSon  of  the  .ula  te  form  porous 
char  and  gaaoe, 

2*  thermal  cracking  of  or  teacti one  among  the 
pyrolysis  geeee  ee  they  flow  through  the 
porous  char  to  the  exposed  surface  of  the 
ablative  composite, 

3.  char  oxidation  'ey  the  pyrolysis  gases, 

l>.  reactions  between  the  dter  and  silica 
reinforcement. 


reinforcement.  On*  such  composite  is  phenolic* 
silica--*  high- purity  si  lice  cloth  impregnated  with 
phenol- formaldehyde  resin  and  aubsMjuestly  <ue«i  to 
a  tough  lamdsaeed  structure,  t.  greet  deal  of 
research  has  Ween  and  is  being  conducted  to  develop 
improved  ablative  material*  which  ere  tailored  for 
particular  npeiicxtiwis. 

So  uea,  the  incident  radiative  and/or  convec¬ 
tive  jharaal  energy  la  Mtsorbed  by  the  Active 
composite  to  eosm  extent  by  surf  see  and  internal 
endothermic  chemical  reactions.  For  composites 
containing  plastic  resin  and  Inorganic  reinforce- 
mints,  the  following  classes  of  internal  chemical 
reaction*  are  thermodynamically  feasible : 

1  4c compos ltlou  f pyrolysis)  of  the  reals  to 

form  Cher  sad  $s**s;  e.g.,'** 

(CjooHgs.aOjy.gWgJ.j  ream 

(CjoaSes.iOn.B®?)..  ♦  (*!®i  +  *2°°  + 
■2 


in  particular,  reaction*  of  Class  *  ere  Highly 
endothermic  but  have  been  found  to  be  relatively 
slow  except  at  very  high  temperature*. 


ajWj.0  +  x^rat,  ♦  xsCjHt,  +  xgMj  exy  organic* 
tyCOj  +  XgiJj  *  XiC  arosvatlca)  gas;  (1) 


Preliminary  experlnrat*  have  bean  performed  in 
on  attempt  to  catalyze  the  char- reinforcement  rece- 
ti<ms,  particularly  tha  following  reaction,  which 
leads  to  solid  silicon  carbide; 


thermal  cracklog  of  or  react io>»s  among 
pyrolysis  gases  me  they  percolate  thrsugh 
the  ineulat Ive  porous  char  to  the  expomttd 
surface  of  tha  ablative  composite;  t.g. , 


SiO?{#)  *  ic,t) 


SiC(s) 4  **(,>• 


the  tempos i te  ablative  structure,  efgnificaat 
reduction*  in  char  depth  have  bean  measured  by  she 
v»e  of  e  hg-Ke  lamp  image  furnace.  Conditiubs  were 
Such  thrf  cut  face  erne lorn  wee  negligible.  Th* 
experimental  trend#  ere  compered  with  theoretical 
predictions  based  on  an  *f> let ica- model  eoc^mtag 
program,  which  includes  a  prevtsiovi  for  thjt  afeiw* 
reaction  of  vies*  *. 

-  ?-•■■  jft&gj&llgs 

For  relatively  shoe*  period.#  of  time  five,  the 
order  of  one-  tsiRuie)  struct  mime  cay  be  fsywteeted 
by  ablative  mater  isle  from  continuous  «.gpm»u re  so 
high  heat  flumes  and  high  teap#rets*r>*«,;  Wucfc 
longer  time*  can  he  tolerated  if  the  aapeewt*  .1* 
periodic  or  intarulttaut .  the  rnowt  cmaaweir  u*sc 
abUvlvt  amtariaia  for  throat- dSss&er  imsoiatlcu 
and  lining  application*  hev*  beta  compca tf:ia  of  *? 
elastomer  madfor  plastic  bald  togatfee*  by  a 


a,*(»)’a‘C<e)  +  “*(!)’ 

(2) 

into 

Sen same,  .  *  9H2,  .  «**  6CB;, , 

<f>  M»)  (f) 

(3) 

3.  char  oxid*iioc  of  the  oyrolyvia  gaeee;  e.jb 

c,-..  ♦«>»!.>  -  mur  “> 


t.  reactions  between  the  <h*r  and  re in  for  ce¬ 
ment;  e.g.. 


*  Cis> 


sto.  .  *  CD.  ,, 
tg.)  if) 


*iC^a>  *  *C<a>  ^  Si(t, 


no*,  .  +  JC,  ,  *-*  SiC,,  . 
*{*}  (•>  <*> 

mad  gthseauaut  react  lone: 


SiC,,  ,  *  200 
<*}  (*) 


A  ponton  ©f  this  werh  »a*  supported  by  AKi5»,,  frojact  Themis,  under  Cant  tact  f**620-e9-c-001J. 

*Frc£aeeof  of  Chemical  Cog  tone  ring,  Neahe;  dtAa. 

•*fr eaeatly  rmaeatth  eagle** r,  8*  t.  Wavsl  iJrdnea*  LvHbnratory ,  Silver  Spring,  Maryland, 
♦freeently  graduate  stwleut,  Itoivereity  of  Califorwia,  Serkeiay,  Callfrmi*. 
tC-raduat#  atmCsrat. 


1 


♦  ir.3ju)  v  jsio 


(*.71  -  15, 100/T7 


(11) 


+  «v  <?) 

s«>2(#)  ♦  8?.  t)  **  iSU>(g)-  <»> 

Sa  tki  *s«alapeaet  ef  as  sodatsraadisg  of  the 
it-tamai  afeiatien  psoas****,  th*  rtKtioM  of  Class 
l  ?mw»  coesiwod  the  snot  attention.  Tf.*»e  pywly-* 
*»ie  ntatos  «rt  .toy  tapextsofc  because  they 
ytradoca  a  porous  shar  *ki*»  c«  gulto  sifoetivoly 
i«#ui#to  tko  elr***  >mont*  tborwtUy  tram  the 
ki&»m*>tsr  orstox&ol  mriffsmmt  m<  tfcoreb? 
s«rt«tl  w  overall  UtttMl  Alas  Ion  cate. 

Of  tko  throe  doses*  of  peatgyroiytie  <A  awl  cal 
attlwi,  chose  of  Class  4  ore  eeaeiderafcly  asm 
andetkernic  duo  tfto  'oaotloos  of  t»w  other 
classes.  For  this  mason.  Clpss  *  teectloan  bow* 
t* calvsd  SOM  attention.  I5"1*/  fhomodyasade, 
kinetic,  sa*  practical  aspects  of  duos  oisr- 
nUfetasuc  roaetioas  an  nvtisMI  briefly  Is 
dM  isUodif  asetloM.  Km  potsr.tlal  adveat.v**ji 
of  catalysing  the  forastioa  of  till  coo  ui5Ut 
according  to  Equation  (*)  hi  discos*#*.  The 
rosulea  of  pro 11*1  at sp  catalysis  tcporloaoti 
involving  t ha  'iso  of  cmlUottacil  element* 
sad  eoapowade  art  proaootod. 

1L  Tbtnptfwaric  CowUdgrgHoftg 

Setlnated  standard  boat*  of  reaction  at  2$*C 
for  eeverai  Internal  dlatlw  reaction*  an  iwur- 
iaetf  la  Teh  la  1,  If  it  la  osoamod  that  on#  grot  of 
ml*  uxdtrgme  pyrolysis  to  o  eba*  containing  0.45 
$mm  of  ctefen,  which  la  atkaaquratly  omened 
MNdlai  to  tfco  r«  act  loo  of  SiqueCloo  (I) ,  d» 
rati#  of  ttw  heat  absorbed  by  tko  C-it02  reaction 
to  tko  hoot  absorbed  ky  th*  not*  pyrolysis  1* 
approximately  5. 1. 


table  1.  stammao  meats  of  reaction 
for  internal  mmm  reactions. 


ItoKtiaa 

dSjj.g,  cal  / ger-oole 

1 

♦283* 

2 

♦17,898 

3 

-127,134 

* 

♦41,210 

5 

♦31.382 

C 

♦130,214 

7 

(♦134.000) 

I 

♦122,518 

♦ 

♦J28.UA 

W 

♦144,810 

col/ so  nolo  for  pyre lye la 
at  W»*T Jt) 


•socket  and  tot  motif*  considered  tka 
•operate  fksnwdyootc  tfdlllru  of  tko  Ittj-C 
reaction*  si  no  by  Eg vet Ians  (4-4).  Tkoy  otnottd 
tko  import  an  as  of  (k*  ipdlftiloi  ottboo  oaoooldo 
pirns  ora  sad  eeoclodod  that.  If  tka  kloatlca  of  tko 
rooetlooo  won  rapid,  tko  ftrtotieo  of  oiltcoo 
corktdt  wool*  ko  Stadant  owe*  a  ttnporotnr*  tons* 
of  appmdnecaly  U»*C  to  »OC*C.  tdkla  2 
iaclndoe  eoapotod  tsarkoo  atmosida  prone  mm  kaood 
oo  tko  |^|lorta|  agnation  slots  ky  Rooonswotp  tod 


where  p^  la  Is  ata  ted  T  it  la  *if. 


T«U  2.  PREDICTED  REACTION  TIMES 
m  EQUILIBRIUM  CARSON -MONOXIDE  PRESSOR 
m  C-S<02  REACTIONS. 


tons#! 

p&MSl 

loftetiot 

Tine,  tec 

Ppf. 

•T 

•c 

502* 

801* 

p#i« 

2,500 

1,371 

491 

"" 

1,631 

5.0 

2,600 

1,427 

244 

818 

3.9 

2,700 

1.482 

129 

429 

18.9 

2,000 

1,538 

70.3 

234 

34.  > 

2,900 

1,583 

39.8 

132 

61.4 

3,000 

1,649 

23.2 

77.1 

105 

3,100 

1,705 

14. 0 

46.4 

175 

_ 

Depletion  of  carbon  In  the  presence 
of  axcooo  810 2  and  negligible  revert t 
reaction. 

tor  Equation  (8) . 


Other  investigators  *  *  ’  have  approached  the 

tkernodyneolc  equlUbriun  problem  by  ots  alternate 
teduilque  of  calculating  the  equilibria*  composition 
for  a  specified  Initial  composition  of  C  end  S102, 
allowing  for  tka  production  of  oil  possible  cbenlcol 
opodoo.  Wide  taaporotun  and  pressure  range*  have 
boon  cowered.  Unfortunately,  tone  diet rep  ancle* 
OHMS  those  calculation*  exist.  la  ported  retultt  of 
LodadtillS)  at  a  present*  of  9  polo  thou  that  the 
formation  of  B1C  la  favored  over  a  tenperetur*  rang* 
of  2SS0*P  to  310D‘f,  At  150  polo,  thia  temperature 
range  ta  thlftad  to  about  »5C'r  to  3850*  F. 

It  appoora  that,  no  the  tee  it  of  all  the 
reported  tbentodynanlc  calculation* ,  depending  ea 
the  total  proaeore,  a  toaporoturo  oxlste  whore  the 
olllcett-cozkido-torootlao  reaction  giver,  by  E^Miioo 
(S)  la  taeorod.  Uofortoescaly,  preclea  prodlctlon 
of  thi*  c*Bp*  r*tur*  to  curruBt  ly  in 

r  rah  ably  baconi*  ef  analytical  difficult  lev,  a 
thorough  lovoatlgatioo  of  the  kiaotlcs  of  the  C-Sidj 
raoctlno  fcaa  not  boon  reported,  the  atodlee  of 
Seechor  and  leoMowoigl3'  and  ef  Sluamthal  *t 
of.  (IT)  have  boon  confined  to  voctnee  condition*  for 
o  temperature  rap  of  1390*C  to  170Q*C  (2377*F  to 
WV*T}.  The  ^voBtitativo  ascent  ef  the  .•action* 
ha*  keen  largely  nenltorod  by  carbon -none  *id* 
preetur*. 

The  initial  etudy^^  iedicoted  that  the  feroa- 
tlon  ef  I1C  wa*  very  rapid  in  the  taaporetur*  rang* 
■here  it  wo*  duieeilTUhlMUy  dondaent.  however, 
th*  etkoesueat  etudy'I*'  lad  te  *  ^#••**«■t»*tioo(*^) 
of  tko  initial  result*,  ho  o  moult .  th*  kinetics 
ef  tko  C-'lOj  reaction  were  found  tc  «a  relatively 
elew  ttccpt  at  very  high  tanperotureo,  vtei#  S102  te 
in  a  noltan  hot  very  vie  ecus  elate. 

A  oonwenxant  fitnt-order  kinetic  osproealon 
for  tko  doploeloo  ef  carbon  by  the  C-ltfij  reaction 
ho*  boon  iwggoeted  by  loedc^*' ,  baaed  oo  tka 


*'i*»ra»OrsW« 


results  of  Sienentriai  et  al,  (12); 


~  •“  15.  5  exf  ^20 


82,500 


vh«re  C  is  she  carbon  spatial  density  in  gmas/ca3, 
t  is  the  time  in  '.tours ,  sad  t  is  the  temperature  in 
*K.  It  i«  not  tirtila  to  which  ci  the  possible 
t>si02  react! jeb  Equation  (12)  applies,  fite 
r2!"1t<=  oi  c*l eolations  besed  or.  Equation  (12)  of 
the  tlwgts  required  for  SC*  and  90*  depletion  of 
carbon  arc  given  in  Table  2.  covering  a  teapf rctitre 
range  of  2500*F  to  3100”?  (the  approximate  range  of 
the  experimental  kinetic  tests).  Also  Included  in 
Table  2  its  the  corresponding  equilibrium  earbon- 
aons'xid*  pressure,  as  predicted  for  the  S.IC- 
formttloo  reaction  of  Equation  (8)  by  Euuatiou  (11). 
For  relatively  iou  pressures,  Table  2  indicates 
that,  for  th*  usual  ehott-f liae-exporure  applica¬ 
tions  of  illative  composi ten ,  the  cheaicnJ  reaction 
geveruitig  the  formation  of  SIC  *xy  be  tab  r  lev  at 
the  predicted  thensodyna2.it  on-off  teirperstut*,  as 
is  discussed  by  beecher  and  fcieensveig.  O'*1) 

iv.  Pract'i gal  Considerations 

Desoite  the  fcl&h  endothemteity  of  the  C-3i02 
reactions,  their  ocslrability  in  ablative  compo¬ 
sites  Is  not  necessarily  justified.  As  is  pointed 
cut  by  Gutnan'3*',  if  the  C-SlOj  reactions  lead  to 
u  breakdown  of  the  cyiuforced-chur  structure,  with 
subsequent  surface  erosion  (ablation),  then  the 
oversll  ablation  rate  may  increase  rapidly  and 
ber'-se  intolerable.  However,  as  la  discussed  by 
Ladacki11®) ^  In  cases  where  diaeneionsl  integrity 
is  not  MSzDtlti,  the  additional  endothsreic  heat 
sink  provided  by  thv  C-SiC2  reactions  way  sore  tharv 
coanennate  for  any  resulting  surface  erosion. 

To  date,  a  thorough  study  of  the  desirability 
or  undesirability  of  the  C-S1G-  reactions  for  the 
entire  range  of  re-entry  and  thrust- checker  appli¬ 
cation*  has  not  been  reported.  It  would  appssr 
that  esc  potential  area  of  desirability  alghf  be 
in  thoee  regions  of  thrust  efcathet*  where  surface 
« roe  loo  l«  generally  not  experienced  sod  where  the 
lnteme’-iasulatlon  weight  should  be  optlsdsed. 

Such  situations  are  cotaeon  in  seall  liquid-propel¬ 
lent  space  engines  and  in  the  thrust  chamber  and 
bleat  tube  of  certain  solid  rocket  motor*,  where 
the  heet  fluxes  are  not  too  severe.  The  importance 
of  weight  reduction  in  eei  id-  rocket  -act  or  insula¬ 
tion  wee  dlacueeed  recently  by  Briber.'1  1 

by  catalysing  the  silicon- rarb lie- forsei ion 
reaction,  *»  given  by  Equation  (8),  #0  that  it  is 
rapid  at  the  lower  temperatures  experienced,  It  Key 
be  possible  to  obtain  the  endothermic  benefit  a,;! 
cc-rcis  ponding  reduction  in  cfcer  depth  (and,  there¬ 
fore,  a  reduction  Sn  useeasary  wail  thickness).  Sy 
carefully  selecting  the  el  lie#- to- me  ta  ratio  in 
the  coepoeir*,  it  ary  even  be  poeslbls  to  elistloate 
the  possibility  of  subsequent  SIC  reactions,  whldb 
can  result  in  rapid  eurfsee  erne  Ion.  Composites 
with  *111  ce-  to-  res  In  ratios  as  low  as  0.34  were 
fonwriatad  by  McAllister  *t  al.  and  showed  good 
shlst}-*  ciiaracreristles  < 


means  wrs.  initiated.  Experiment!!  epeduetatf  by 
Cutler11®1  in  2958  with  allies  end  carhtse  fetoasd 
that  transition  weals  ware,  effective  in  catalyeiag 
the  synthesis  rtf  olilcou  cM.tslde,  Therefore,  it 
was  Relieved  that  transition  metals  would  he  effec¬ 
tive  also  with  silica  mi  char  in  yynJymd  .<*&*« 
civ#  coup  twites.  Accordingly,  preliminary  esjf^rl- 
rasnts  ter*  cooducted  la  the  present  work  t®  tmi 
this  hypothesis. 

Prep irg flan  of  Cowpgijfes 

Two  types  of  coapoaitee  were  f Ulrica ted; 
namely,  prepreg  and  hand  laid.  The  preprtg  ceepien 
were  made  by  cutting  U,  S.  fpjyswrfc  f)t- 5.89s 
prepreg  (a  ligb-till  .*  f afe cl -••reiaforcew  pining 


etsplcying  a  phase 


resin)  i*to  two- 


inch  squares,  Trass ltloo-seggi  catalyst*  were 
applied  to  both  sides  of  the  squares.  The  tssa- 
pow>*  tea  tad  were  Sk*5j,  Cr202,  Fe26>4.*ii  floe 
powders) ,  and  #e  (f  100  e-sS  *w  s ) .  Thea.e 
powders  were  rubbed  onto  thm  prepr  with  a  ’4x%- 
oottoa  cloth.  This  method  gave  the  at  -jfii fern 
covering  of  several  method*  triad.  Samples  con¬ 
taining  t *  10,  and  15  layers  of  preprog  SqwAP*#  ..*« 
prepared  were  paired  with  control  **ap-i«s  iSoatala- 
lag  no  potential  catalyst  addit.iv*  an!  ware 
auwbered  f.yr  identifi cation  purposes.  The  asqp*e*  ' 
were  cured  by  the  method  oaacrlbmd  below. 

The  hard-lard  samples  were  prepared  by  cstttei 
high-purity  filica  cloth  into  rwc-lach  aq3,>re---  aed 
applying  the  powdered  metal  cosqvvun*1*  mod  liquid 
pljcnollc  reals  in  one  of  the  f-iliowlup  throe 
wanaers: 

1.  The  powder  was  applied  <tt.39ctly  to  the 
cloth  by  the  esse  procedure  as  .as  caad  to  apply 
U  to  the  1  rep rag.  The  renin  was  paint *d  00  the 

cloth. with  a  cylon  b rush , 

3,  Tha  powder  we*  euspeevn^d  in  «cetc««.  The 

suspension  was  applied  to  the  clock  by  eoeklag  and 
then  allowed  to  dry.  Tie  reels  wea  t£ae  bruehed  ea 
the  cloth  ae  before. 

3.  The  powder  «q  *uspr-ndad  in  the  reals,  mi 
the  resin  vis  bruehed  on  the  cloth. 

The  t«s In  used  was  9,  t .  Folyeerlc  F- 30?  (a 
Hit-  *-129*  phenolic  raaitc).  As  la  the  cm*  of  the 
prepreg,  coaposite*  of  7,  10,  and  15  layers  wet* 
prepared  acui  paired  with  sissUer  samples  caettisisg 
so  mtnl  cmapoteuis. 


Ess*  of  the  coep-vsltee  contaieieg  petesrial 
ce  tsiysta  was  cured  slstul  tea  cows  ly  with  it* 
coopaalao  control  seepls.  A  kfelt etxead  mi  Csm^mf 
Model  D~l»3  laael/»atlag  preas  was  used  to  efco  cwrlstg 
procaea.  After  the  pletse*  ware  pr*dw (atad  to  1300*8, 
the  pair  of  sseplae  wee  s«adwf<kad  hetweae  two 
liters  of  000-h sat -sealing,  htgfc~t**ep*T*cw**  eelio- 
pbaea  in  order  tc  protect  the  pls*c*e  frost  tits  ' 
ss.cees  resin.  A  presence  of  JO  pel*  w«o  appUo* 
to  the  pair  of  saaglo*  and  a  Hsysrstsis  of  about 
530* f  was  Maintained  for  00#  hour. 


became*  of  eh*  potential  benefit  which  sight 
b*  gained  by  the  rapid  f emails*  of  SIC  at  an  oe- 
off  taaparat wra ,  s  study  of  soesisla  catalytic 


before  the  saapJos  ware  tested  at  higfc-waargy 
flux,  several  prepatatim  ataps  oar*  reqni red, 


J 


****■“'*■ 


fttekttg  each  eaa  m  i&  dt«w- 

*mt  mm  «s*«  itm  tin*  eao'iBsft  *sw*t«  c mmpmit* 
TiMt  *  awt  frill,  Th*  dine*  **** 

J&j&lif's*  a  twlter,  (""wcrLhad  telrv,  by 

es  £  yrowt  Aantor.  -  U-sb  disc 

*»*>*«««  awt  m  $  Msttiat  *kS 

k*ft»w  tose&ssa-  »*$*?*  rfc*  discs  mm  esai  e«t,  the 
Amity  *f  i*«  Mispasiss  si*  was  mmmrn&*  ms 
*m»  te«*fS***A  by  Mig*si*§  the  si*  «&d  fakis* 
sccsrses  ssaMgwasis  el  Its  dlwawiicM*.  th$ 
stiic*-  fiboi  eeatasst  of  th%  emptvit*  si*  m»  also 
iscsrstwad  by  .  awdstetiaa  is  s  suffix  iwsacs  sc 
1308*#  Cttf  tvo  hear*.. 

TftHwg  ■ 

St*  ssspto*  wsrv  ferreted  is  an  i*aga~typ* 
fwnMB,  Is  ski*  *k*  awttff  fta*  was  produced  by 
«a*-*s  Isay.  3*1 for*  flaws*  *  v*>  TO  eau/os^-aac 
s«dul  1ns  prsdstowl.  t*m  die*,  sssyiss  sari  bald  is 
fiscs  is  eaa  <&w6or  of  «*«  fwntscxr  dirls* 

kestiat  by  £  6-SVls  baiter.  thU  hold*?  consisted 
of  s  *ia*l  fists  «itfe  .«  hoi®  a*  as  is  •liisster 
drilled  so  *  d«pt&  of  fios  mb. 

Statist  tss?  tidnt  tttm  5  to  *s  wemdo 

A  else  sssfls  :<**  fiscs!  is  tha  aesfi*  holder  sad 
Monad  «i*  s  sot-sera*.  Tha  hr- J  ter  vwr  thse 
fleet*!  te  the  hM».U«  dhtehor  of  eh*  issyc  rura-’.r* 
'tW  dusSko;  jrss  purgsd  will*  iitroya*  jas  to  latter 
M  imrt  a£*M@f k«s»  for  iitetiu*- .  ¥ht  pasei  of 
fjnrolysi.i'  wars  wwwsod  freo  eh*  f wasn  throw*  s 
,!e%  echo,  tks  b*a£t  (1«  tret*  appll*d  to  t*ve  con¬ 
trol  rapid*  of  tils  sstfU  lies. 

'All  tssts  MM  sysdoctad  wlri  *  hast  f  tor  of 
<5  eel/ar-kfc*  sateotradasd  by  s  enyysr  calc ri¬ 
te***  cslil-rstisB. 

^lyifinSt.teW...Wai, 

m  sfitl/M  disc  asnflss  want  oelghad  *> 
btsfow  and  a  mad  is  t*£  so  as  to  srfoss  a  eswtrcl 
evoaa  Mt ties  of  tba  char  Layer.  Zka  smsa  surface 
was  sooted  aauotk.  Tha  Axyth  rf  ehs  dusr  was 
ussssiod  with  a  Baums H  soafs  eaiihrafod  is  9,  1-m 
Wilt*. 

A  saakar  of  aas* la*  war*  assstsd  la  Lodt*  asd 
tdsllM.  IhoSa  sasfioa  w»  folishsd  for  Were- 
aeofit  asslysis.  fhoio-W  crofr a*ha  wars  mate  of 
tfc*  aoxstsd  mflai  By  aaa  of  fci*-*fasd  Folantld 
mat.  taastuyoasta  of  sha  nas r  daytfca  os  theaa 
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the  slllcor-carbide-fonsation  reaction)  on  the 
chsr-depr.h,  time  relationship,  A  radiative  heat 
fliw  of  44.5  r.ai/<ns7-8ec  (1.14  Btu/itis-6ec) ,  which 
was  comparable  to  the  experimental  teats,  w m 
specified  with  a  typical  70  /  30  silica-phenolic 
composite.  The  results  of  the  calculation#  are 
plotted  in  Figure  2.  At  a  60-aeconu  exposure,  the 
predicted  char-depth  reduction  i*  about  16  peccant. 


0  to  20  30  40  80  «0 

TIME,  ACC 

FIGURE  2  -  f*P  .£)*CTED  CHAR  DEPTHS 

VII.  Conclusions 

Tiie  result*  of  preliminary  experiments  Indi¬ 
cate  that  it  mav  be  pocalble,  in  certain  applica¬ 
tion .  to  reduce  char  depth  in  silica-phenolic 
ablative  composite#  by  adding  traf  *i'.l on-met al 
coc  pound*  to  catalyse  certain  char- reinforcement 
reactions.  The  concept  say  alao  be  applicable  to 
other  ream  and  elastomer  material#  which  are 
reinforced  with  inorganic  autterisia. 

The  experiments  utilired  only  crude  method#  of 
introducing  the  catalytic  compound* ,  and  chemical 
analyse#  of  neither  the  residue  nor  th*  emitted 
gases  were  performed.  Only  the  char-depth  reduc¬ 
tion  wat  weed  as  an  indicator  of  a  catalytic  effect. 
The  uae  of  Iron  appeared  to  give  the  greatest  re¬ 
duction  in  char  depth. 

Further  wort  in  tula  ere#  la  continuing. 

Current  anpheala  la  on  the  use  of  transition  art  sis 
in  such  forma  aa  ;*rbonyl»,  chelates,  ferrocanea . 
and  oxal ate*  in  order  %z>  facilitate  a  wore  east  iv 
controlled  catalyst  introduction.  In  addition, 
chemical- composition  anal?*#*  are  oeoeasary  te 
determine  actual  over  a'.  1  chemical  changes.  The 
results  of  th*  preliminary  studies  are  %  resected 
at  thi*  ties  to  wscoursge  consideration  of  possible 
appl.cst  ioaa  «i,  further  discussion  of  the  char- 
-elnf oroeeect  reaction#. 
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APPENDIX  S 


1,0  NATION  COMPUTER  PROGRAM 

In  order  to  guide  the  direction  of  Task  3,  an  existing  OR®~dlT8eR5iers1 
charring  ablation  computer  program  is  being  utilized,  This  program  '##$ 
developed  under  Air  Force  Contract  He  AFO4(011)-3?H  In  1964  under  the 
supervision  of  the  Principal  Investigator  of  Tssk  3  while  He  ms  employed 
by  the  Rscketdyne  Division  of  North  American  Aviation. 

The  computer  program  was  based  on  a  ee«$re hensive  and  detailed  mating” 
maticas  model  of  the  primary  physical  and  chemiesl  processes  occurring 
within  and  at  the  surface  of  an  ablative  wall  of  a  rocket  motor  or  thrust 
chante^.  Only  essential  features  of  the  program  are  described  here. 

Fo.splete  details  are  presented  in  Reference  (I). 

The  internal  mode  of  the  model  accounts  for  the  heat  transfer,  chemical 
reaction,  and  flow  processes  which  occur  within  the  ablative  wall  material. 

I h?  surface  mods  serves  as  a  physical  and/or  thermochcmlcal  boundary 
condition  on  the  internal  mode  at  the  heated  surface  by  accounting  for 
the  Interaction  between  the  wall  surface  and  the  hot  combustion  gases.  A 
schematic  of  the  model  indicating  the  mechanisms  considered  is  shown  In 
Figure  1. 

The  internal  mode  Is  ba^ed  on  the  following  one-dimefislcmal,  rectangular 
coordinate,  temperaturp>dependent  properties  form  of  the  th&rnal  energy 
equation: 
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In  this  equation,  the  first  two  terms  account  for  the  transient  heat 
conduction  within  the  wall;  the  third  term  accounts  for  the  convective 
cooling  of  the  porous,  charred  portion  of  the  wall  by  the  pyrolysis  gases 
percolating  through  it;  and  the  last  terms  account  for  the  production  or 
absorption  of  heat  by  the  various  chemical  reactions  that  occur  within 
the  wall. 

Three  types  of  Internal  chemical  reaction  are  Included  In  the  model: 
(1)  pyrolysis  of  the  ablative  resin,  (?)  cracking  of  the  high  moleculsr 


*  See  Nomenclature  forliiTini tlon  of  symbols 
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vright  constituents  In  the  pyrolysis  gas  during  peroration  through  the 
char,  and  (3)  reactions  between  the  reinforcement  material  and  the 
carbonaceous  portion  of  the  char.  Although  ..<*ch  of  these  groups  of 
reactions  actually  Involves  many  different  simultaneous  or  consecutive 
reactions,  they  are  each  represented  in  the  model  In  terms  of  an  over¬ 
all  chemical  reaction  for  simplicity.  The  rates  (  r,  )  of  these  repre¬ 
sentative  reactions  are  formulated  In  the  model  with  the  following 
arrhenius-type,,  kinetic  reaction  rate  expressions.  For  the  pyrolysis 
faction, 


rpy  *  Apy  (pp)0  (Vpy 
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exp 


for  the  pyrolysis  gas  cracking  reaction, 

(aE) 


rcr  *  Acr  °g  1  exP 
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rr 
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and  for  the  char- reinforcement  reaction, 


In  these  expressions,  the  symbols  p^*  and  represent  the  true  pure- 
state  density  and  the  actual  spaclal  density  In  the  composite  wall  of 
material  1 ,  respectively. 

A^so,  Included  In  the  computer  program  Is  the  option  of  deleting 
from  Eq.  1  the  kinetic-rate  term  for  the  gas-cracking  reactions  and 
accounting  for  the  heat  effect  of  these  reactions  by  assigning  an 
appropriate  magnitude  (which  may  vary  with  temperature)  to  the  pyrolysis 
gas  specific  neat.  This  Is  equivalent  to  assuming  that  the  rates  of 
the  gas-cracking  reactions  are  equilibrium  controlled  rather  than 
klnetically  controlled. 

To  account  tor  the  variation  with  time  of  the  cofl^osltion,  and,  there¬ 
fore,  the  pro pert’ vs  of  the  composite  wall  material  resulting  from  the 


chariest  reactions,  and  to  account  for  the  production  ami  motion  of  the 
pyrolysis  gas.  Material-accounting  or  "continuity"  equations  of  the 
following  form  art  also  included  In  the  ablation  model,  for  the  solid 
component  Materials, 

(5> 

and  for  the  pyrolysis  gas  components, 
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•  py,  cr,  and  sc 

•  p,  r,  c,  and  s 

•  gl  and  gz  (uncracked  and  cracked  gas  species,  respectively. 


Also  Included  In  the  ablation  model  are  the  momentum  equations 


which  are  based  on  a  simplified  theory  of  slow  flow  through  porous 
media,  the  state  equation: 


(7) 


(8) 


which  1$  based  on  the  Ideal  gas  law,  and  the  porosity  relationship: 
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which  Is  based  on  obvious  geometrical  considerations. 

The  over-all  themophysical  properties  of  the  composite  wall 
material  appearing  in  Eq.  1  are  obtained  frm  the  relationships 

(p  C)  *  [  pg  Cg  ♦  Pp  Cp  +  pf  Cr  +  pc  Cc  +  p$  Cs  3  (10) 

*  ' [|1  %  *  S  *  v1  "p +  ^7  Kc +  77  *s3  (11) 

which  derive  from  the  assumption  that  the  values  of  these  properties 
are  equal  to  the  volume- weighted  average  of  their  values  for  the 
component  materials.  The  thermophysical  properties  of  the  1  dividual 
component  materials  are  calculated  fro&  ampirlcal  expressions*  fitted 
to  experimental  data,  that  are  supplied  to  the  computer  program.  . 

The  surface  mode  is  primarily  concerned  with  evaluating  *he  rate 
of  heat  transfer  from  the  hot  combustion  gas  to  the  exposed  surface  of 
the  chanter  wall  and  the  rate  of  surface  erosion  resulting  from 
vaporization,  chemical  reaction  with  the  combustion  gas,  and/or 
mechanical  action  such  as  welting  and  shear  flow.  The  heat  transfer 
to  the  surface  Is  calculated,  1r>  the  general  case,  from  the  relation¬ 
ship: 
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The  total  chemical  enthalpy  term  (K.)  and  the  mass  rate  of 

V 

surface  erosion  as  a  result  of  chemical  reaction,  C(6fc?cjWir)>  which 
appear  in  this  equation,  are  evaluated  from  a  system  of  relationships 
derived  from  the  well-known  theories  of  chemical* the rmotynamic  equili¬ 
brium,  chemical  reaction  kinetics,  end  boundary-liyer-type  heat  and 
mass  transfer.  The  effect  of  transpiration  blocking  of  the  convective 
heat  transfer  to  the  wall  surface  Is  accounted  for  through  the  use 
of  the  following  efq>1rical  equation  for  the  Stanton  number: 


For  casts  where  the  reinforcement  material  melts  at  the  higher 
temperature  (e.g,,  the  flllca-based  material:),  th***  Is  also  Inducted 
a  method  whereby  the  effective  rite  of  surface  erosion  from  melting 
and  shear  flow  can  be  evaluated.  The  total  rate  of  surface 

recession  resulting  from  these  two  types  of  surface  erosion,  chemical 
reaction,  and  malting.  Is  then  obtained  from  the  relationship: 

p««Ft*  ^6m'chem +  ^GmWch^ 

in  which  thi  factor  a  is  the  linear  measure  of  the  position  of  the  wall 
surface. 

A  unique  numerical  approach  Is  used  to  solve  the  above  set  of 
coupled  nonlinear  partial  differential  equations  for  the  Internal  and 
surface  modes  of  the  ablation  process.  The  new  technique  Involves  the 
simultaneous  application  of  the  Blot  variational  procedure  for  the 
virgin  and  backup  regions  and  numerical  finite  difference  methods  em¬ 
ploying  the  Crank-Nicolson  Implicit  procedure  and  including  predictor- 
corrector  techniques  for  the  char  region  and  pyrolysis  reaction  zone. 

The  above  analysis  was  prograsamd  in  Fortran  IV  for  automatic 
computation.  The  printed  output  from  this  ablation  computer  program 
consists  of  the  location  of  the  wall  surface  and  the  complete  Internal 
special  distributions  of  the  temperature ,  porosity,  pyrolysis  gas 
pressure,  flowrate,  mass  concentration  of  cracked  and  unc racked 
pyrolysis  gas  species,  and  the  bulk  densities  of  the  various  solid 
coaponent  materials.  This  Information  can  be  printed  out  as  often  as 
th*  program  user  desires  with  respect  to  simulated  ablation  time. 

For  the  specific  application  of  the  computer  program  to  Task  3, 

It  was  found  necessary  to  modify  the  surface  boundary  condition 
equation  used  during  the  Initial  heat-up  period  (prior  to  pyrolysis) 
so  as  to  permit  only  a  radiative  Input  (such  as  would  be  the  case  for 
arc-image  ablation  tests).  After  miking  this  modification,  a  series 
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of  4  base  case  runs  were  Bade  for  30/70  phenol  1c-*si  Ilea  under 
conditions  of  no  char-reinforcement  reactions  and  no  surface 
regression  for  radiative  neat  inputs  of  10  ,  20  ,  40  *&4  SO  cal/sec-arv 
The  input  data  and  properties  utilised  are  listed  in  Table  1.  Calculated 
char  depths  and  surface  temperatures  are  plotted  in  Figures  Z  and  3 
as  a  function  of  time  over  the  range  of  0.1  to  100  seconds. 

Additional  calculations  art  currently  underway  which  Include 
rapid  char- reinforcement  reactions.  These  results  will  be  cwp%m& 
to  those  shown  In  Figures  2  and  3.  In  addition,  based  on  the  discussion 
under  Phase  I  above,  it  new  appears  necessary  to  «ake  further  modification 
to  the  program  tc  permit  the  use  of  a  series  of  reaction  rate  expressions 
for  resin  pyrolysis. 
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TABLE  X 

DATA  AIM)  PROPERTIES  FOR  BASE  CASE  RUKS 


Phenolic  resin  density 

0.043 

1  bn*/  in3 

Silica  density 

0.079 

Ibm/in3 

Pyrclyzed  phenolic  density 

0.076 

lbm/ir,3 

Phenolic  rtsln  specific  heat 

0.30 

Silica  specific  heat 

0.25 

RU'/1a*t  °R 

Pyrolyred  phenolic  specific  heat 

0.60 

Btu/ibw-c'- 

Pyrolysis  gas  specific  heat 

1.0 

Btu/lbro-cV 

Phenolic  resin  thermal  conductivity 

2.0  x 

10'6  Btu/sec-1n~°# 

r 

Silica  thermal  conductivity 

1.2  x 

10°  Btu/sec-in-'K 

Pyrolyzed  phenolic  thermal  conductivity 

Hass  fraction  of  phenolic  resin 

3.5  x 

10'3  Btu/sec-in-°R 

converted  to  gas 

0.47 

Kinetic  order  of  pyrolysis  reaction 

5 

104  8tu/lb  mole 

Activation  energy  of  pyrolysis  react  on 

9.9  x 

Pre-exponential  factor  of  pyrolysis  reaction 

2.8  x 

1014  sec'1 

Heat  of  pyrolysis 
Initial  Wall  temperature 


450  Btu/lbm  resin 
530°R 
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area 

reaction  rat*  frequency  factor 
specific  heat 
reaction  activation  energy 
thermal  radiation  shape  factor 
mss  flux  of  pyrolysis  gas 
mass  rate  of  char  surface  erosion 
total  specific  enthalpy 
heat  of  reaction 

effective  heat  of  reaction  of  all  of  the  char  surface 

erosion  processes 

thermal  conductivity 

permeability  coefficient  of  char 

molecular  weight 

kinetic  order  of  pyrolysis  reaction 

porosity  of  char 

pressure 

universal  gas  cowiant 

volumetric  mass-rate  of  a  chemical  reaction 

Stanton  oumbe*-  *i tM«  t  transpiration 

Stanton  number  with  traftspt ration 

tamper  a  tore 

velocity 

perpendicular  distance  from  surface  into  chamber  wall 


Greek  Symbols; 

r  *  mss  of  a  product  substance  produced  per  unit  mss  of 
a  reactant  substance  consumed  in  e  chemical  reaction 
a  *  linear  measure  of  the  char  surface  recession 

&  *  char  depth 
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Subscripts: 
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due  to  chemical  reactions 
tree-stream  combustion  gas 
total  pyrolysis  gas 

between  combustion  gas  and  char  surface 
ith  component  of  the  pyrolysis  gas 
unstable  component  of  pyrolysis  gas 
stable  component  of  pyrolysis  gas 
1th  component  material 
jtb  chemical  reaction 

composite  char  material  at  chanter  wall  inside  surf fee 

due  tc  melting  and  shear  flow 

Initial  value 

resin  or  plastic 

pyrolysis  reaction 

reinforcement  material 

solid  products  of  char- reinforcement  reactions 

char  reinforcement  reactions 

between  char  surface  and  nozzle  exit 

combustion  qas  Immediately  adjacent  to  char  surface 

at  the  reaction-virgin  regions  interface 

at  the  char  surface 
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1.0  INTRODUCTION 

The  objective  of  this  project  is  to  develop  «.  method  for  probing 
a  combustion  chamber  by  microwave  techniques.  Such  techniques  have 
been  used  for  many  years  to  measure  the  ionization  density  and  collision 
frequency  of  the  exhaust  plasma  beyond  the  exit  ilane,  and  elaborate 
p. oblng  techniques  have  been  developed  at  many  -©cations  to  measure 
attenuation  through  the  flame  for  a  minimum  path  length  as  well  as  for 
an  oblique  path  length  and  as  a  function  of  distance  from  the  exit  plane. 
Ordinarily  such  measurements  assume  the  plasma  to  consist  of  one  thermo¬ 
dynamic  region.  This  simple  model  has  been  Improved  in  our  laboratory 
by  including  the  effect  of  thermodynamic  shock  waves  in  the  plume  to 
obtain  a  more  exact  value  for  the  Ionization  density  and  collision  fre¬ 
quency  at  the  exit  plane. Reasonable  ag  eenent  between  theoretical 
predictions  and  experimental  measurements  has  been  obtained. 

In  addition,  analytical  techniques  have  also  been  developed  to 
include  the  effect  of  temperature  cn  the  total  Ionization  produced  by 
the  constituents  of  the  flame.  Ir  general  these  results  are  difficult 
co  apply  because  of  the  difficulty  of  knowing  all  the  reactions  that 
are  taking  place.  Particular  success  was  achieved,  however,  where  there* 
was  only  one  source  o'  electrons  from  the  flame  constituents.  In  this 

case,  Saha's  egjatlci  relates  the  degree  of  ionization  to  the  tempera- 

n  \ 

ture.'  1  This  fact  suggest!  that  motors  seeded  with  alkali  metals  can 
be  used  to  produce  a  single  source  of  electrons.  Experimental  verifi¬ 
cation  of  this  technique  h?.s  been  achieved. ^ 

The  basis  for  relating  attenuation  measurements  to  the  ionization 
density  and  hence  the  temperature  Is  given  in  Section 2.  The  applied-, 
tlon  of  these  techniques  to  the  measurement  of  the  chamber  conditions 
Is  the  present  objective  of  the  project.  Ultimately,  techniques  will  be 
developed  to  account  in  the  analysis  for  the  presence  of  pressure  waves, 
non-uniform  combustion,  and  source  and  sink  reactions.  A  directive 
antenna  for  making  the  measurements  has  been  developed  and  the  design 
Is  also  Included  in  Section  2.  This  project  Is  continuing,  and  measure¬ 
ments  on  a  1  pound  charge  will  be  made  in  the  rysar  future. 
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As  a  result  of  a  special  Interest  In  the  possible  use  of  micro- 
waves  for  nondestructive  detection  of  voids  In  solid  propellants, 
a  feasibility  study  was  undertaken  to  Investigate  this  possibility. 
The  results  of  the  study  are  Included  In  Section  3. 


2.0  MICROWAVE  DIAGNOSTIC  STUDY 

Plasma  characteristics  are  easily  determined  using  microwave  tech¬ 
niques.  Changer  in  amplitude  and  phase  of  microwave  radiation  are 
caused  by  the  presence  of  the  plasma,  and  these  changes  can  be  related 
to  various  plasma  parameters  such  as  electron  density,  collision  fre¬ 
quency,  and  temperature.  Microwave  diagnostic  techniques  are  widely 

used  and  have  the  Important  feature  that  no  physical  contact  with  the 
(1-41 

plasma  Is  required.  ' 


2.1  Theoretical  Basie  for  Miarovaoe  Diagnostic  Measurements  (R.b'.Grov) 
The  basic  mechanism  Involved  In  the  Interaction  of  electromagnetic 
radiation  with  a  plasma  at  microwave  frequencies  Is  the  Induced  motion 
of  the  plasma  electrons.  The  resulting  electron  current  Is  out  of 
phase  with  the  field  and  hence  appears  In  the  wave  equation  as  an 
additional  displacement  current  term  and  the  apparent  dielectric  con¬ 
stant  of  the  medium  is  changed  to 


cplasma 


0) 


where 

oj  *  radian  frequency  of  the  microwave  radiation 
Wp  «  electron  plasma  radian  frequency 


This  Is  an  exact  expression  for  a  homogeneous  plasma  with  no  electron 
collisions.  The  change  in  phase  angle  along  a  path  of  length  L  within 
the  plasma  is  given  exactly  by  the  equation 


A9  -  kl  1  - 


i  - 


(2) 


where  k  •  ,  s»Q  is  th«  permeability,  and  cQ  is  the  dielectric 

constant. 

For  plasms  of  appreciable  density  and  Umperature,  It  is  necessary 
to  account  for  the  electron  collisions  with  gas  molecules.  Considering 
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•  Maxwellian  gas  which  Is  characterized  by  a  constant  collision  fre¬ 
quency  v,  Independent  of  electron  velocity,  the  wave  equation  Is 
describing  the  propagation  of  electromagnetic  waves  In  a  region  contain¬ 
ing  a  uniform  charge  distribution  Is 

(r2  +  k2)E  *  luiigpv  (3) 

where  £  Is  the  electron  field,  p  Is  the  charge  density,  k  is  thr  phase 
constant  corresponding  to  the  velocity  of  light,  and  r  Is  the  propaga¬ 
tion  constant.  The  electron  velocity  v  Is  determined  from  Langevin's 
equation 

mv  ♦  mg(v)v  *  eE  (4) 


where  m  and  e  are  respectively  the  mass  and  charge  of  an  electron. 
If  g(v)  *  v,  a  constant,  then 

-  E 

v  .  « _ 

Tu  +  v 


(5) 


and  the  wave  equation  then  yields  a  solution  for  the  propagation  constant 
r.  There  are  two  unknown  plasma  parameters  and  v.  Two  measurements 
must  be  taken  to  find  the  two  parameters  and  one  may  use  attenuation 
or  phase  measurements  or  combinations  thereof  since  the  solution  for  r 
is  ef  the  form  r  -<*  ♦  jg.  One  possibility  Is  to  measure  the  attenuation  co 
efficients  and  at  two  frequencies  and  respectively.  When 
the  electron  conduction  current  Is  much  smaller  than  the  displacement 
current  the  equation  for  a  Is  simplified  greatly,  and  when  a  Is  measured 
at  two  different  frequencies  and  v  are  given  by 

"  Vi 


a,  - 


(6) 


v  8jC 


fcij  +  v2 


(7) 


The  method  described  applies  for  the  ideal  case  of  a  Maxwellian 
gas  with  the  collision  frequency  being  independent  of  the  electron 
velocity.  There  Is  demand  for  microwave  diagnostics  of  norihomogeneous 
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plasmas  containing  many  constituents  which  are  non-Maxwell ian.  The 
theory  must  be  generalized  considerably  If  any  meaningful  microwave 
tests  are  to  be  made  of  plasmas  of  this  type. 

The  wave  equatlc1*  as  given  by  Equation  (!)  Is  still  valid  for 
this  case  and  for  v  we  must.  In  general,  use  the  Maxwell -Boltzmann 
average  velocity. 


<v>  -  i '  r  /r><?> 


3/2  4  -pv* 

v  e 

+  v 


For  convenience,  one  can  define 


<v>  -  -  K  (8  -ID) 


Then  for  v  constant 


b  -  id  * 


1q  +  v 


and  the  results  shewn  previously  are  obtd  ned.  Actually  v  Is  not  a  con¬ 
stant,  but  Is  given  by 

v  •  pi  Qt ¥  (id 


where  and  Q1  are  the  density  and  collision  cross-sections  of  the  iw 
plasma  constituent.  The  p^'s  are  determined  from  the  gas  composition 
and  the  functional  behavior  of  Qj  for  some  common  gases  Is  given  In  the 
following  table  where  the  coefficients  are  functions  of  temperature. 


co,  h2 


c.  +  c,  v 

i  2 


H20,  HO] 


A  weigntec  average  collision  frequency  may  be  found  in  terns  of  the 
temperature  rod  gas  composition.  8y  carrying  out  the  integration  to 
obtain  <v> ,  E  and  0  may  be  found  in  terns  of  the  gas  teaperature.  From 
the  wave  equation,  the  attenuation  a  and  phase  8  along  a  path  of  length 
l  «re  given  by 
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F  .  t/  -to  » 


For  a  given  frequency  a  depends  on  w  ,  p,  and  T  and  measurements  at 
three  frequencies  are  required  to  obtain  values  for  these  parameters 
only  fro*  attenuation  measur  ements.  When  the  perfect 'gas  laws 
describe  the  plasma  adequately,  p  may  be  expressed  in  terns  cf  T  and 
only  two  measurements  are  required.  The  attenuation  Is  increased 
when  either  the  electron  density  or  the  collision  frequency  Is 
increased. 

In  the  case  of  a  rocket  exhaust  plasma  the  effect  of  a  shock 
layer  can  be  analyzed  by  noting  that  there  is  now  attenuation  in  both 
the  central  region  and  the  outer  region  and  the  total  attenuation  is 

“toul  '  “I  *  “II  (14) 

wh*re  !  denotes  the  central  region  and  II  the  outer  region.  Since 
the  gas  conditions  are  discontinuous  across  a  shock  layer,  there  are 
now  six  unknowns ,  Pj,  Pjj,  Tj,  and  Tir  Using  the  asst  Ra¬ 

tion  that  the  outer  region  is  at  atmospheric  pressure,  using  the 
Pnndtl -Meyer  relations  and  using  the  perfect  gas  laws  gives  three 
unknowns  which  ray  be  up  ,  ,  and  T*  sc  that  three- frequency  mea¬ 

surements  may  be  used  toSolve  for  these  unknowns  at  any  particular 
position. 

These  results  have  only  been  applied  to  the  diagnosis  of  the 
exhaust  plume.  It  is  the  Intent  of  the  present  project  to  apply  them 
to  the  combustion  chamber  itself.  The  fact  that  the  microwave  measure 
raant  is  essentially  made  external  to  the  pUrsa  without  perturbing  U 
has  considerable  significance.  The  difficulty  of  making  reliable 
temperature  measurements  inside  the  combustion  ciatabe*  nas  led  to  the 
presort  study  of  the  feasibility  of  making  these  measurarwnts. 
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Preliminary  investigations  have  been  carried  out  on  the  pnjblems 
of  fitting  a  small-s^ale  motor  with  ceramic-  windows  to  provide  a  path 
fc"  microwave  energy  through  the  combustion  chamber.  Initial  measure¬ 
ments  will  be*  made  on  motors  with  fuel  charges  of  the  order  of  one 
pound.  Geometrical  problems  associated  with  a  chamber  size  for  this 
amount  of  fuel  and  the  possible  beam  widths  for  microwave  energy  have 
been  Investigated  and  the  problem  of  making  meaningful  measurements 
In  the  time  required  for  thr  charge  to  bum  is  also  being  Investigated. 
For  microwave  radiation  with  the  wavelength  considerably  less  than  the 
dimensions  of  the  propellant  charge,  good  resolution  can  be  achieved 
position-wise  through  the  plasma.  Time  resolution  is  primarily  a 
function  of  the  amplifiers  used  in  the  system.  Demonstration  of  feasi¬ 
bility  will  involve  showing  that  microwave  attenuation  measurements 
can  tr  successfully  made  at  Z2  GHz  and  70  GHz  through  the  combustion 
chamber  during  the  testing  of  the  motors. 

The  experimental  equipment  for  making  measurements  at  these  two 

frequencies  has  been  selected  and  the  arrangement  of  the  equipment 

and  the  motor  for  making  the  experiment  Is  presently  being  designed. 

Since  the  size  of  the  motors  Is  restricted  to  the  order  of  one  pound  of 

3 

propellant  with  a  volume  of  about  5  in  ,  the  antennas  to  confine  the 
radiation  must  have  considerable  directivity.  For  this  reason  one  of 
the  initial  phases  of  the  project  has  been  to  design  a  suitable 
antenna.  A  reasonably  directive  pattern  can  be  achieved  with  a  horn 
antenna.  The  pattern  for  a  falrlv  large  horn  Is  shown  In  Figures  3 
and  4  of  Section  3.  In  order  to  focus  the  radiation  through  the 
small  volume  of  propellant  more  directivity  is  desirable.  For  this 
reason,  a  dielectric  horn  antenna  with  focussing  properties  hrs  been 
designed. 

2.2  /Jnienm  'msign  iS.  S.  Huang  and  B.  Grow) 

From  Rhodes'*;  experimental  patterns,  optlnum  dimensions  were 
selected  for  both  H  and  £  plane  flare  as  a  function  of  flare  angles 
and  sq,  respectively,  and  horn  length  l  as  illustrated  In  Figures  1 


«,T« 


Figure  1.  Drawing  illustrating  th$  parameters  for  a  horn  antemts 


Figure  2.  Drawing  of  a  dielectric  horn  insert  to  be  inserted 
in  the  antenna  illustrated  in  Figure  1 


d-8 


and  2.  An  optimum  horn  with  a  14  decrees  half-power  beam  width  In 
both  the  K  plant  and  £  plane  should  have  flare  angles  of  *  36° 
and  ec  *  29°,  respectively,  and  a  length  of  7.8  wavelengths.  The 
directivity  of  the  horn  antenna  may  be  Increased  by  Inserting  a  di¬ 
electric  lens  Into  the  horn  as  Illustrated  In  Figure  2.  To  obtain  a 
parallel  beam  of  radiation  the  electrical  length  of  the  paths  must 
be  e*"  il .  Then, 


kl  =  IkllJllsgcjL  +  x_ 

xd  xd  xo 

where 

\Q  =  wave  length  in  free  space 

=  wave  length  in  dielectric  material 

A 

n  s  r~  =  Index  of  refraction 
Ad 


05) 


Solving  Equation  1  for  L'  -  L  +  x  yields 

_L<““c*1  -  ’)  (16) 

L  '  n  -  1 

Equation  16  expresses  the  length  L'  as  a  function  of  ^  A  drawing  of 
the  optimum  K-band  horn  for  a  frequency  of  23.6  GHz  Is  shown  in  Figure  3. 
The  data  for  the  polar  plot  of  the  dielectric  insert  Is  given  In  Table  1 
and  a  drawing  of  the  dielectric  Insert  to  obtain  a  parallel  beam  is  shown 
in  Figure  4.  This  horn  is  presently  being  fabricated  to  Invastigate 
the  actual  focussing  characteristics. 

In  addition  the  theory  has  also  been  developed  to  obtain  a  focused 
beam  of  radiation  as  shown  in  Figure  5. 

By  means  of  the  techniques  of  geometrical  optics,  one  finds  L'  3 

L  +  x 

n  L  sec  ifr,  +  (D  -  L)  sec  -  d 
L  -  —  rf  -  sec T|  (^) 

This  equation  is  presently  being  solved  to  obtain  the  design  of  the 
focused  horn  antennas. 


d-9 


Subsequent  to  the  demonstration  of  feasibility, within  a  few 
months  the  eff jrt  will  be  made  to  include  the  presence  of  shock  waves 
and  non-uniform  combustion  In  the  analysis,  and  attenuation  measure¬ 
ments  will  be  made  at  two  or  more  frequencies  in  accordance  with  the 
complexity  of  the  model  used  to  describe  the  burning  process.  It  is 
expected  that  this  research  will  be  performed  In  conjunction  with 
Tasks  1  and  2. 

The  theory  of  wave  propagation  In  the  exhaust  plasma  Is  basea 
upon  a  knowledge  of  the  electron  collision  cross-section  prorssties 
of  all  the  gas  constituents.  The  model  being  used  includes  the  effect 
of  the  cross-section  data  to  obtain  the  electron  temperature.  The 
previous  work  with  exhaust  plasmas  accounted  for  the  electron  source 
and  sink  reactions  In  the  flame.  It  Is  Intended,  as  the  project 
progresses  over  the  next  year,  that  In  this  case  also  the  chemical 
reaction  processes  In  the  flame  will  be  integrated  Into  the  electro¬ 
magnetic  wave  theory. 
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3.0  FLAW  DETECTION  BY  MICROWAVE  ANALYSIS 


As  a  result  of  a  current  Interest  by  Industrial  organizations 
and  research  laboratories  In  non-destructive  test  and  inspection  tech¬ 
niques  In  solid  fuels,  for  both  latent  defects  as  well  as  Internal 
dewetting,  we  have  Investigated  the  possibility  of  detecting  cracks 
or  voids  using  microwave  diagnostic  techniques.  The  major  problem 
with  such  techniques  Is  that  of  achieving  sufficient  sensitivity  to 
detect  small  defects.  Several  methods  for  making  such  measurements 
are  possible.  The  method  we  Investigated  was  based  on  conventional 
standing  wave  measurements.  II  an  electromagnetic  wave  enters  a  sec¬ 
ond  region  that  has  a  different  dielectric  constant  than  the  first 
region,  a  reflection  Is  produced. fThe  combination  of  the  incident  wave 
and  the  reflected  wave  produces  standing  waves  that  can  be  detected 
by  suitable  instruments.  If  the  transmitted  portion  of  the  wave 
leaves  the  second  region  and  enters  a  region  like  the  first  a  sec¬ 
ond  reflection  Is  generated.  These  two  reflections  will  cancel 
each  other  If  the  thickness  of  the  second  region  is  zero,  otherwise  a 
net  reflection  Is  produced  by  the  combination  of  the  two  reflected 
waves.  This  reflection  can  be  used  to  detect  the  presence  of  a  defect. 
The  Interaction  of  the  reflection  from  the  Incident  surface  of  the;  pro¬ 
pellant  and  the  combined  reflection  from  the  crack  can  be  used  to 
determine  the  depth  of  the  crack  below  the  surface. 

3.1  Theoretical  Analysis  of  Crack  Detection  (C.  B.  Durney) 

The  principles  Involved  In  measuring  the  dimensions  and  location 
of  a  crack  In  a  dielectric  can  be  illustrated  by  consideration  of 
plane-wave  reflections  from  infinite  dielectric  boundaries.  The 
configure.  10?.  shown  in  Figure  5. 

In  this  development  Z  will  be  used  to  denote  the  characteristic 
or  plane  wave  'mpedance  of  the  various  materials,  and  e  will  be  used 
to  denote  the  dielectric  constant.  The  magnitude  of  the  reflection 
coefficient  in  Region  I  can  be  found  from  Zj,  which  Is  defined  as  the 
plane-wave  Impedance  at  z  *  0.  Zj  can  be  found  by  transforming 


impedances.  At  i  *  0  +  w,  the  Impedance  is  just  Zq-j ,  where  Zqj  - 

/y "Ji  is  the  characteristic  impedance  of  the  dielectric.  At  2  *  0, 
ZQ1  is  transformed  to  Z^,  where  Zn  is  given  by 

z. 


zoo 

_Z0I  *  ^00  tan  kW 

zoo  +  jZoi  tan  kW 

...  .  m 

(17) 


where  Zqq  =  ✓u'0/e’0  is  the  characteristic  impedance  of  free  space,  and 
k  *  u/y~e„  .  At  z  =  0,  Zn  is  transformed  to  ZT,  where 

0  0  U  1 


2oi  _zd  4  jZoi  tan  ^n, 

rZQl  +  jz"  tan  PDj 


08) 


and  e  *  tVyQe 
is  given  by 


The  magnitude  of  tne  reflection  coefficient  in  Region  I 


Yzoo  -  1 

1  • 

z  Jznn  +  1 

I  00 

(19) 


and  the  standing-wave  ratio  by 

s-fiiiJ 
1  '  |  0  I 

For  narrow  cracks,  kW  «  1  and  Equation  1  can  be  simplified  to 


(20) 


ZD* 


zoc 


20i  +  -zqc  kw 


[£,.*  +  ,}Z01  kW 


'00 


ZD  -  z01  +  5 


C2°°  ■  OkM 


(21 ) 


Equations  17,  18,  19,  and  20  were  programed  on  a  computer  to 
determine  the  behavior  of  S  as  a  function  of  frequency.  Some  results 
a^e  shown  in  Figure  5.  It  is  clear  from  the  values  for  D  and  W  accom¬ 
panying  the  curves  that,  the  period  of  S  is  related  to  D  and  the  ampli¬ 
tude  of  ths  ripple  in  S  is  related  to  W 

Some  insiqht  into  these  relations  can  be  obtained  by  considering 
two  limits  --  a  crack  of  zero  width  and  a  crack  of  infinite  width. 

When  y  s  0,  Ij  5  and 


i 
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s 


1  + 


1  - 


p! 


Thus  for  a  crack  of  zero  width,  S  is  constant  with  frequency.  For 
z/tQ  ■  12,  S  ■  3.46.  This  is  the  average  value  of  S  in  Figure  6. 
For  an  Infinite  crack,  ZQ  a  ZQ0  and 


z 


I 


'O) 


*00  +  jZ0i  tan  PP 
zoi  +~  jZoo  tan  pD' 


It  is  clear  from  Equation  23  that  |p|  and  hence  S  is  a  strong  function 
of  frequency  because  of  the  tan  bD  tern.  When  tan  bD  °  0  'r1  *  0  and 
S  *  1.  When  tan  BO  +  *, 


Thus  for  an  infinite  crack,  S  is  a  periodic  function  of  frequency  with 


d-16 


8  maximum  value  of  E/e„  and  a  mirimum  value  of  1.  The  period  of  S  is 

o 

found  from 

<::£!)  -  r. 


*-,f  i 

* 


It 


where  c  is  the  velocity  of  light  m  free  spice.  Therefore  D  can  be 
found  from 


where  Af  Is  the  difference  In  frequency  from  one  peak  to  the  ->sx!  if,  S, 

When  a  narrow  crack  is  present,  jo|  is  much  more  complicated  than 
the  expression  in  Equation  23  and  Equation  24  Is  not  strictly  try*:. 
However,  as  shown  by  the  curves  In  Figure  6,  Equation  24  gr.ss  a  good 
measure  of  D  for  the  cases  shown.  To  a  good  approximation.,  the  period 
of  S  is  related  to  D  by  Equation  24,  and  the  amplitude  of  the  ripple  In 
S  is  related  to  the  width  of  the  crack  W.  The  larsjsh  sf  is,  the  larger 
the  magnitude  of  the  ripple  is.  When  W  -  thrt  .teg, :i tide  of  ine 
ripple  in  $  ^  c/tQ  -  1. 

Some  examples  will  Illustrate  how  D  can  be  foe  -4  from  the  v\v  rv  6S 
in  Figure  7.  From  curve (J)t  peaks  occur  at  71. D2  and  70.44  GHz.  fierce 
2^f  *  0.58,  and  using  Equation  24 


(  .  58)(  3 .46}  UV 


Thus  D  is  obtained  from  the  curve  and  Equation  24  is  14.95  cm  compared 
to  the  actual  value  of  15  cm,  from  curve  (?) .  *  71.08  -  70  35  - 

0.73  GHz.  Then  Equation  24  gives  D  as  11.89  compared  to  the  actual 
value  of  12  cm.  Similarly,  from  curve{3},  c.cf  K  71.02  -  70,44  *  0.58  G 
and  0  1  14,95  cm  as  compared  to  the  actual  value  of  15  cm.  From  curve 
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2Af  -  71.08  -  70.35  *  0.72  GHz.  This  gives  D  *  12.05  as  compared 
to  the  actual  value  of  12  cm.  This  Illustrates  how  the  curves  of  S 
versus  f  can  be  used  to  determine  D. 

3.2  Verification  of  Antenna  Capabilities  (C.  H.  Durney  and  /?.  W.  Grow) 

The  mam  effort  has  been  to  demonstrate  that  sufficient  directivity 
can  be  achieved  to  make  meaningful  measurements  in  a  particular  direc¬ 
tion  either  with  a  one-antenna  transmitter-receiver  combination  or  a 
two-antenna  combination  with  the  transmitter  and  receiver  connected  to 
separate  antennas.  In  addition  it  was  desired  to  demonstrate  that 
reflections  from  a  crack  could  be  observed  with  a  directive  antenna. 

The  initial  experiments  were  attempted  at  70  GHz  where  a  well- 
designed  horn  antenna  shown  in  Figure  8  and  with  antenna  patterns  shown 
in  Figure  9  was  available.  A  klystron  and  most  other  necessary  com¬ 
ponents  with  the  exception  of  a  slotted  line  were  also  available.  The 
effort  was  .tiade  to  modify  a  slide  screw  tuner  for  use  as  a  slotted  line, 
but  this  proved  unsuccessful.  The  effort  was  then  made  to  make  con¬ 
firming  experiments  with  26-40  GHz  equipment.  A  slotted  line  and  a 
klystron  were  available  along  with  other  necessary  wave  guide  compon¬ 
ents.  The  major  problem  in  this  frequency  band  was  tha  unavailability 

of  an  antenna.  An  antenna  similar  to  that  available  at  70  GHz  scaled  to 

* , 

the  26-40  wave  guide  band  was  fabricated  from  sheet  aluminum.  Exper¬ 
imental  results  indicated  that  this  cntenna  was  not  really  as  good  as 
the  prototype  and  had  considerable  loss  and  some  inherent  reflections. 

The  effort  was  then  made  to  make  experimental  measurements  of  the 
reflections  from  the  blocks  of  propellants.  Figure  10  shows  the  mea¬ 
sured  VSWk  from  two  3"  x  6"  x  6"  blocks  placed  such  that  the  energy 
passed  through  the  3"  block,  encountered  a  crack,  and  then  passed  through 
the  second  3"  block.  Comparison  of  these  results  with  the  theory  of 
Section  3.1  was  very  encouraging,  particularly  since  the  frequency  spac¬ 
ing  corresponding  to  the  period  checks  the  theoretical  value  for  a  3" 
spacing  between  the  two  reflections  quite  closely. 

10 


5 


Otter  measurements  soon  demonstrated,  however,  that  this  rippled 
behavior  was  Independent  of  the  block  since  the  same  periodicity 
was  characteristic  of  one  3"  block,  one  6"  block  or  anything  else 
except  no  reflection,  in  which  case  the  match  was  close  to  perfect 
VSWR  •  1 . 

These  facts  suggested  that  the  material  was  considerably  more 
lossy  than  previously  measured  and  reported  by  other  workers.  The  next 
effort  was  devoted  to  measuring  the  loss  of  the  propellant  around 
36-40  GHz.  A  block  of  propellant  the  size  of  the  wave  guide  cross 
section  was  fabricated  0.46"  In  length  so  that  It  could  be  Inserted  In 
the  wave  guide,  and  a  short  was  also  fabricated.  The  short  proved  to 
be  very  effective  with  a  VSWR  of  about  80  to  1.  The  propellant  block 
was  then  Inserted  in  the  wave  guide  and  the  data  of  Figure  11  were 


.460"  dielectric 


Figure  11.  VSWR  produced  by  propellant  In  a  shorted  wave  guide. 


3.66  GHc 


If  /e?’t”  ■  3,5,  thtn 


Af  - 


Although  th«  klystron  did  not  tunc  over  a  wide  enough  bandwidth  to 
obtain  a  complete  period.  It  Is  apparent  that  the  half  period  Is  greater 
than  2  GHz.  Estimating  that  the  peak  VSWR  must  be  close  to  7.5  gives  a 
value  of  /c/*0  ■  2.74  rather  than  3.5  and  a  period  of  4.66  GHz,  which 
looks  more  reasonable  than  the  3.66  GHz  above.  Following  through  on 
this  logic  would  give  a  reflection  coefficient  of 


p 


2.74  -  1 

2.74  +  1 


0.465 


and  a  loss  figure  of 


Ldb  6.65  7  ,  db 

in  "  0.92  *  in 


Thus  It  appears  that  the  dielectric  constant  around  38  GHz  Is  close  to 
*73  and  the  loss  Is  close  to  7.2  db/ln. 

These  facts  explain  why  the  crank  was  not  observed  In  the  Initial 
measurements  reported  In  this  section. 

3.3  Feasibility  of  Miarowave  Techniques  (R.  V.  Grow) 

The  Information  presented  In  Sections  3.1  and  3.2  Is  encouraging 
In  some  respects  since  the  theoretical  basis  of  the  method  Is  proved, 
but  the  physical  loss  of  the  propellant  Is  much  larger  than  expected 
and  Increases  the  complexity  of  any  experimental  system  for  applying 
the  technique.  At  least  two  possibilities  exist  for  overcoming  the 
loss.  These  are  as  follows: 

1.  Filling  the  horn  antenna  with  dielectric  material, 

2.  Amplifying  the  observed  frequency-dependent 
variations. 

The  effort  will  be  made  to  show  how  these  facts  can  help  solve  the 
problem. 

The  first  possibility  Is  Important  because  the  major  problem  with 
a  large  amount  of  loss  Is  the  large  reflection  with  a  VSWR  near  2.74 
that  occurs  at  the  front  face  of  the  propellant.  If  the  magnitude  of 
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this  reflection  1$  reduced,  the  net  result  Is  an  effective  amplifica¬ 
tion  of  the  ripple  that  will  be  observed.  Since  alumina  has  a  dielec¬ 
tric  constant  of  about  9,  then  the  effective  Impedance  transformation 
would  be  from  3  to  2.74.  which  will  minimize  the  amount  of  reflection 
from  the  first  boundary.  One  other  technique  that  can  be  applied  Is 
to  reduce  the  size  of  the  Incident  wave  In  the  detector  to  account 
for  the  loss  of  the  wave  guides  and  horn  antenna. 

In  addition  the  horn  antenna  filled  with  dielectric  will  be  one- 
third  as  large  as  the  unfilled  horn,  once  again  Improving  the  realiza¬ 
bility  of  the  microwave  detection.  It  Is  still  proposed  that  the 
technique  be  applied  at  70  GHz  so  that  the  size  of  the  horn  shown  In 
Figure  1  would  be  reduced  by  one-third. 

The  second  possibility  cited  earlier  can  be  utilized  either  with 
the  first  possibility  or  without  it  so  as  to  amplify  the  variations 
thus  received.  The  experimental  setup  Is  Illustrated  schematically 
In  Figure  12.  It  Is  believed  that  the  device  proposed  can  be  .rmde 
Into  a  reliable  Instrument. 


Figure  12.  Schematic  of  the  proposed  experimental  setup. 
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*  fundaments  problem  In  the  practical  use  of  solid  propellant  rocket 
rotor:  is  that  of  stress  analysis.  While  ballistic  properties  are  equally 
critical,  the  motor  must  be  a  sound  mechanical  system,  capable  of  under¬ 
going  me  purely  mechanical  loads. which  may  be  imposed.  This  immediately 
necessitates  the  ability  to  analyze  these  systems.  Moreover,  since  the 
minimization  of  weight  is  desirable,  it  is  important  that  analysis  be  very 
good,  thereby  allowing  optimization  with  a  large  degree  of  confidence. 

Initial  analysis  techniques  applied  were  those  of  linear  elasticity. 

The  results  of  such  analyses  naturally  did  not  reflect  the  problen 
accurately,  due  to  the  viscous  nature  of  propellant  materials.  Subsequent 
use  of  linear  viscoelasticity  proved  generally  profitable,  although 
erroneous  results  still  occur  for  highly  solid  loaded  propellants,  it 
seems  clear  that  the  theory  of  nonlinear  viscoelasticity  is  potentially 
more  useful,  and  that  further  study  is  desirable. 

For  the  above  reasons,  the  study  diseased  herein  was  undertaken.  It 
is  intended  that  the  s^cha>il3»  and  thermal  characterization  of  propellants 
be  carried  out,  in  a  closely  allied  theoretical  and  experimental  program. 

The  theoretical  =-s$uits  will  guide  experimental  effortsand  permit  the 

of  a  truly  ctessrfipci ve  theory  of  propellant  behavior.  At  the 
cfe^let ion  jf  these  preliminary  steps,  the  studies  of  continua 
from  the  ^dcaanics  point  of  view  will  be  extended  to  embrace  the  chemical 
and  molecular  morphological  aspects  in  conjunction  with  investigators  of 
Task  1. 
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1.0  INTRODUCTION 


As  a  loalcal  prelude  to  engineering  use  of  the  equations  of  state 
connecting  stress,  strain,  time,  and  temperature,  a  determination  will  be 
made  of  the  proper  mathematical  formulation  for  the  governing  constitutive 
equations  in  conjunction  with  appropriate  laboratory  tests.  These  results 
will  be  Integrated  with  the  objectives  of  Task  6  which  Is  concerned  with 
high  rate  and  high  stress  Inputs  to  rate  and  temperature  dependent  materials. 


2.0  DEFORMATION  AND  8ALANCE  FOR  NON-POLAR  MATERIALS 

Consider  a  material  body,  8,  with  bounding  surface,  S,  consisting  of 
particles  or  material  points  possessing  continuous  mass  density,  p,  In  all 
configurations.  In  the  reference  state  at  time  zero,  t  ■  o,  each  particle 
will  be  labeled  with  a  position  vector  X  having  coordinates  X^,  K  *  1,  2,  3 
referred  to  the  origin  in  Euclidean  3  -  space. 

Where  the  spatial  vector  of  a  geometric  point  location  In  the  3  -  space 
is  x  with  coordinates  x^,  k  *  1,  2,  3,  the  motion  of  a  material  particle  of 
the  body  may  be  designated  as 

x  *  x  (X, t)  (1) 

which  describes  the  location,  £,  of  the  particle  X  at  subsequent  time,  t. 
These  are  called  Eulerlan  or  spatial  coordinates. 

An  alternate  form  for  the  motion  Is 

X  *  X  (x , t)  (2) 

which  describes  vvhlch  particle,  X,  occupies  location  x,  at  time  t;  Lagrangian 
or  material  coordinates. 

A  motion  of  the  body  8  Is  thus  a  continuous  sequence  of  configurations 

e-1 


In  time  denoted  by  x  *  x  (X,t)  or  In  component  notation  by  xk  *  x^(X^tt). 

The  deformation  gradient  (Eulerlan)  Is  the  spatial  partial  derivative 
of  the  motion,  x,  of  particle  X  with  respect  to  the  neighboring  particles, 


Vk 


3x^(Xj£,  t) 


(3) 


The  Lagranglan  deformation  gradient  Is  the  spatial  partial  derivative 
of  the  material  at  point  x  with  respect  to  neighboring  geometric  points; 


axK(xk,t) 

XK,k  5  3x^ 


(4) 


The  chain  rule  of  differentiation  yields  the  relation 

xk,KXM“  akt  ;  XK,k,  xk,L  *  6XL  (5 

where  a  Is  the  Kitmector  delta. 

2 

The  square  of  the  distance  between  two  material  points  is  dS  with 


dS2  •  Ckl  dytaj 

(6) 

where 

cki<i-«  5  Slc'Bi  '  xK,k  *M"  *• 

(6-a) 

Cauchy  deformation  tensor  and  the  distance  between  two  points  In  the  deformed 
configuration  is 

ds2  «  dXK  dXL 

(7) 

with 

C)CL(^,t)  s  Ck*CL  *  x^^  Greens 

(7-a) 

deformation  tensor  (both  are  symmetric  and  positive  definite). 
The  Lagranglan  strain  tensor  Is  then  defined  as 

2EKL  2  CKL  "  jKL 
e~  2 


(8) 


•'  *=**•.•  .,T*r  >-**;■ g$ 


and  the  Eulerian  as 


2eu  s  «kt  •  Si  If-4' 


(8-a) 


Continuity  of  matter  is  expressed  by  the  positive  semi -definite  require¬ 
ment  on  the  Jacobian 

O  <  «J  <  M  ;  M  <  00  (9) 


i  Po  dXk 

J  *  —  *  det  re- 

p  3Xy 


where  pQ  is  the  reference 


mass  density. 

The  other  balance  equations  necessary  are  (Reference  1) 


Balance  of  mass: 


Balance  of  momentum: 


p  +  pVk  k  *  o  In  B 


St.k  * » (f«  -  v  ■  °  1n  B 


Balance  of  moment  of  momentum: 


Balance  of  energy: 


\t  »  tlk  (non-pol  ar)  in  B 


«  ■  4kt  v«.k  +  Ik.k  4  o"  1n  B 


Clauslus-Duhem  Inequality  (Rate  of  Entropy  production)  In  B 


py  =  pn  •  p  j  -  <11  v  >  o  in  f 


where  PcB  -  c(t)  with 


o(t)  a  moving  dl^ontlnulty  surface  in  8  and 
Vk  «  velocity  *  ~  x 

tk£  ■  stress  tensor 

f£  °  body  force  per  unit  mass 

c  «  internal  energy  density/ unit  mass 

2  *  inward  directed  heat  vector  to  surface  S 

b  *  energy  soyree/unit  mass 

i  *  temperature 

n  •  entropy/ unit  mass 

y  «  local  entropy  production  defined  by  Eg.  {14) 

The  related  .lump  conditions  are,  related  to  the  above 
Mass  continuity  jump  on  c{t) 

[pv]  •  n  -  [p]  w-n  *  o 
Momentum  jump  on  o(t) 

[tk£]  nk  -  [pv£y]«n  +  [pv£]  v-n  *  o 
Moment  of  momentum  on  o{t) 

fkl  ‘  ‘k< 

Energy  jump  on  o(t) 

Ihz  *  pvtv£)  (vk-s^}  -  tk£  t  -  qk]  nk  -  o 

Entropy  Jump  on  cr(t) 

Con  (y  ~  v)]  *n  -  [S]  *n  *  o 

e  -4 


( 1 0  -a ) 


(11 -a) 


(12-a) 


(13-a) 


(14-a) 


wnere 


v*n  *  normal  component  to  o(t)  of  material  velocity 
v-n  *  normal  component  of  jump  surface  velocity 
5  *  entropy  Influx  across  o(t) 

2.1  Constitutive  Equations 

2.1.1  Introduction 

Whereas  the  deformation  and  balance  equations  are  restrictions  on  the 
motion  of  any  material,  the  so-called  constitutive  equations  c-e  necessary 
to  specify  the  characteristics  of  a  given  class  of  materials.  It  Is  In  this 
area  that  three  different  approaches  may  be  used,  namely 

(a)  Axiomatic  -  which  ensures  internal  logic  and  consistency, 
but  which  may  not  describe  any  material  of  interest  or 
may  be  In  error  based  upon  unfounded  axiomatic  choices. 

(b)  Empirical  -  which  will  generally  correctly  describe  the 
material  behavior  over  precisely  those  Inputs  used  to 
determine  the  constitutive  laws  in  the  first  place,  but 
will  probably  be  incorrect  beyond  that  domain.  Also  the 
"laws"  are  unable  to  violate  basic  physical  premises. 

(c)  Boot-strapping,  -  involves  coupling  of  the  axiomatic 
approach  with  carefully  selected  tests  to  both  verify 
chosen  axioms  and  to  elucidate  alternate  mechanisms. 

The  third  approach  Is  the  primary  method  to  be  used  In  this  present 
research  program. 

2.1.2  Basic  Axioms 

2. 1.2.1  Axiom  of  equi presence^ ^ 

“A  quantity  present  as  an  Independent  variable  in  one  constitutive 
equation  Is  so  present  In  all,  to  the  extent  that  its  appearance  Is  not 
forbidden  by  the  general  laws  of  physics  or  rules  of  Invariance-, 

2. 1.2. 2  Axiom  of  objectivity^ 

The  motion  of  a  body  shall  not  reflect  the  difference  In  observers 
(or  In  another  form,  the  frame  of  reference). 

e-5 


Where  x  and  x  are  two  different  fra.mes  of  reference,  they  shall  be 
forced  to  coincide  by  a  rigid  body  motion,  Q^,  and  a  time  shift,  b,  where 


xk(X,E)  *  Qkf(t)xjt(X,t)  +  bk(t)  (15} 

where  G{t)  1$  a  proper  orthogonal  transformation,  b(t)  is  a  translation,  end 
t  is  a  time  shift  with  l  «  t  -  a.  The  axiom  states  that  all  constitutive 
equations  must  be  form  Invariant  for  all  Q,  b,  and  a.  Hany  of  the  older 
rheological  equations  and  "ad  hoc"  3-dimer.sional ized  viscoelastic  equations 
violate  this  axiom  and  hence  have  doubtful  meaning  In  a  physical  sense.  The 
transformation,  0,  obeys  the  rules  (0T  *  Q  transpose) 


0  0T. 


det  0 


(for  |  det  Qj  *  1  we  have  spatial  isotropy). 

Invariance  with  b  implies  spatial  homogeneity  (not  material  homogeneity) 
and  the  t  shift  Implies  time  constancy  of  the  material.  This  last  time 
shift  would  not  be  removed  for  materials  with  aging  characteristics,  however,* 
because  the  shift  would  refer  to  a  reference  state,  tr,  and  would  only  shift 
a  nevfly  made  material  to  a  new  reference  state  tr. 

2,1 „t. 3  Axiom  of  Memory 

Classical  elastic  materials  possess  no  memory  and  respond  only  to  the 
forces  imposed  at  the  present  time.  Viscoelastic  materials,  however,  can 


be  shown  to  possess  memory  or  hereditary  characteristics' 


Some  materials 


have  been  characterized  as  having  a  fadino  or  short  term  memory1*7  with  a 
rather  thorough  thermodynamic  treatment,  lastly,  a  viscoelastic  material  may 
be  considered  rate  dependent  and  respond  to  all  time  derivatives  of  the 

force  at  the  present  time  or  form  a  constitutive  equation  in  differential 

0) 


equation  forms  '  . 

ft  Is  In  this  axiom  that  the  problem  of  material  characterization  arises 
when  coupled  with  (14)  and  (14-a)  the  Clausius-Duhem  Inequality. 


its:  This  Is  an  example  for  which  observation  would  restrict  the 
axioms  used. 

e-s 


2.1.3  Theoretical  Problem 

Consider  a  material  where,  to  geneialize,  we  assume  the  present  value 
of  stress  is  determined  by  the  entire  past  motion  history  of  the  entire  body, 
then 


t(X,t)  *  f(X,t,x(X,t~s))  ,  o*s<oo  (17) 

~  “  B 

where  f  is  a  functional  whose  present  value  depends  on  the  motion  history, 
x,  the  time  t,  and  the  particle  X.  Thus  memory, aging  effects,  and 
inhomogenelty  are  included. 

We  next  assume  that  the  motions  causing  stress  are  short  range  in 

effect  so  that  we  need  consider  the  history  of  motion  X  ,  only  In  the 

N(Xl 

neighborhood  of  X.  Application  of  the  objectivity  ax1om{5)  then  restricts 
the  general  constitutive  equat1on(17)  to  one  where  the  history  of  the 
deformation  gradients  rather  than  the  history  of  notion  at  such  governs  the 

response^. 

Thus,  (17)  becomes 

t(X,t)  *  f(F(X,t-s))  ;  o«;s<oo  (13)  " 

mt 

where  herein  F  is  the  deformation  gradient  history  at  the  material  point  X, 

Sc  that  finally  we  have  r 

*ki  *  FKt^)XK,kXL,t 

where  t  =  C(t-s)  expresses  the  history  of  the  Greew  tensor. 

The  principal  of  eoui presence  can  now  be  iovofced  :t.p  write  the  constitu¬ 
tive  equations  for  stress,  heat  flow.  Interns?  energy,  and  m&bpy  in 
different  forms:  (1)  Hereditary  material*,,  or  (?)  .aafirtals*-- 

2. 1.3.1  Hereditary  Materials 
In  this  case,  cne  lias 
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qk  *  QK(C(t-s);  e(t-s),  X)  XK>k 


(20-b) 


£(C(t-s);  e(t-s),  X) 

(20-c) 

N(C(t-s );  e  (t-s),  X) 

(20-d) 

herein  the  entire  history  of  the  strain,  C,  and  tempera tu re,  Q,  for  each 
material  point,  X.  are  included.  It  is  implicit  in  the  above  relations  that 
the  temperature  history  includes  the  gradient  of  the  temperature,  e,k- 

2. 1.3. 2  Rate  Dependent  Material 

If  the  time  histories  are  sufficiently  smooth  to  allow  a  Taylor  expansion 
of  the  type 


for  all  the  independent  variables  (axiom  of  smooth  memory),  and  if  the  neigh¬ 
borhoods  are  assuwed  smooth  enough  to  allow  a  similar  expansion  about  the 
point  X,  we  obtain  the  constitutive  relations  for  rate  dependent  ^  simple 
materials,  namelv 

• 

\i9  W  Sm*  W  ;  *  '  w 

A  {■*  ‘  "  C. 

Sfl.k, 

'  .  *  (pi 

S,  8,  8*  •  «  *  ® 
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9.k  *  *  *  e*kJ*  X  ^  *M  *l,i 
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(22-6) 


wherein  the  FKL;°k’  E’  N  are  now  r.ot  functionals  but  rather  tensor  valued 
functions  of  the  P  rates  and  0  gradients  of  the  independent  variables  with 

y(P)  _  'A 

~  77  V 

<?  t  H 

The  memory  here  comes  about  in  a  limited  way  through  the  higher  rate  and 
gradient  derivatives. 

He  thus  see  that  the  memory  functional  under  proper  smoothness  conditions 
cn  time  yields  from 


C(t-s)  =  c(t)  -  sC(t)  +  |  £(t)  +  • 


the  relation 

T  [  (t-s) J  =  F{C,  C,  e,  -  .  .  }  (24) 

where  F  is  a  function.  Similar  results  hold  for  the  gradient  expansion. 
Materials  whose  dependence  .on  X  vanishes  {homogeneity}  and  whose  gradient 
dependence  is  m  greater  than  the  first  derivative  are  'cal  led  simple 
materials  and  will  be  used  for  the  rest  of  the  exposition  since  the  .main 
experimental  points  do  -not  depend  on  the  higher  spatial  gradients.  Thus 
the  rate  dependent  simple  material  constitutive  equations  become 


Hi  “  Hm*  S#r 


9,k*  e*k*  e*k! 


p  x  X 

’  •  '*k  >  \,t 


and  the  simple  memory  type  materials  yield 

»kl  "  FKL(S(t-s);  6<t-s>-  *K,k,XL.i  (26) 

with  analogous  expressions  for  s,  n  and  q. 

It  should  be  remarked  at  this  point  that  in  actual  practice  there  is 
some  overlay  between  the  two  forms  of  expression  discussed  above.  For 
example,  assume  a  simple  hereditary  linear  material  whose  constitutive 
equation  can  be  expressed  by  the  Lebssgue-Stiel  tjes  integral  ir.  the  form 

t 

t=  J  G(t-s)3e(s)  (2?) 

-00 

Riesr  '  has  shown  in  a  1909  paper  that  the  expression  (27)  is  the  most 
general  linear  functional  possible  with  certain  boundedness  conditions  or 
3e(s).  When  the  strain  history  has  discontinuities  in  the  strain  or  any  of 
its  derivatives  (as  occurs  in  a  constant  strain  rate  test  using  two  successive 
values  of  the  rate)  certain  discontinuity  terms  or  saltus  functions  arise  so 
that  the  Riemann  form  of  the  integral  then  becomes 

t  r  m 

t  *  (  G(t-s)  3e  ds  +  E  a,e(s.)  +  i  b.  e(s  ) 

--  M  W  q  J([)  <28) 

k*l  * 

where  there  may  be  discontinuities  in  any  of  the  strain  rate  histories  of 
magnitude  ^'(S^)  at  time  back  from  time  t.  This  behavior  is  commonly 
seen  in  the  case  where  a  l»  G(t)  and  the  b.j  ■  n(t),  the  relaxation  modulus 
and  viscosity,  respectively.  Thus  for  certain  non-smooth  strain  histories, 
the  hereditary  functional  form  of  &  simple  linear  material  can  lead  to  rate 
effects  explicitly  appearing  in  the  constitutive  expression. 

2.1.4  Thermodynamic  Restrictions 

Returning  to  (14),  the  Clausius-Duhem  form  of  the  second  law  of  thermo¬ 
dynamics,  we  see  that  this  equation  must  be  satisfied  by  all  of  the  constitu¬ 
tive  equations  if  we  are  to  have  a  thermodynamically  admissible  form  of 
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varieties  are  set  e^usl  to  zero  since  these  variables  can  be  changed 
arbitrarily.  The  coefficients  then  lead  to  the  following  restrictions  on 
the  constitutive  equations; 


2(3  fc^  Xk,k  XL,i  *  £~  0Fkl  xk,K,Xf„t 

(34) 

o  (no  Heat  conduction) 

(35) 

*  "  6  fe 

(36) 

.  M. 

99 

(37) 

with  the  free  energy, 


and  the  dissipation. 


DFtCL  *WL 

We  note  that  If  d  * 
then 


S.  o 


(3£) 


(39) 


0FkL  *  o  and  »  o  n  «  1,2  — ,  p  -  1 

*U 

showing  that  the  dissipation  is  at  least  linear  in  the  strain  rate  but  is 
Independent  of  strain.  The  free  energy  has  no  linea**  strain  rate  dependence. 
For  the  condition  c,  d  /*  o  e  *  £  *  •••«  c^*o,  (39)  yields 


0FkAt  “  2po 


o 


(40) 


Since  H 


o. 


DFkL*kL 


>-o 


and  dissipation  occur:. 


If  C  f  o,  we  obtain 


DFkL*kL 


(41) 
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Thus  the  free  energy  is  independent  of  £  but 


DFkL  *  Z  % 

ckL 


and  the  stress  is  (for  the  equality) 


•£ 
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'kl 
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and  we  have  that  the  second  derivative  affects  the  stress  dissipation. 

Those  familiar  with  classical  physics  will  perhaps  be  annoyed  with  the 
notion  that  certain  state  variables  such  as  the  free  energy. are  herein 
functions  of  the  strain  rates  and,  implicit  in  the  smooth  time  history 
expansion,  are  therefore  path  dependent. 

However,  tentative  acceptance  of  this  result  Is  logically  better  than 
either  denying  the  existence  of  strain  rate  dependent  materials  (Maxwell 
models)  or  abandoning  the  concept  of  e«*u1  presence  until  experimental 
verification  causes  such  a  course  of  action.  The  usual  linear  theory  uses 
only  a  c  and  c  in  the  function  and  thus  avoids  this  problem. 

2. 1.4. 2  Hereditary  Material  Restrictions 

Applying  the  same  procedure  to  (26)  with  e,^  and  X  suppressed  leads  to 


'k  i 


2  ^  h.A.t  #r  ♦  £  VA,i  /  W*>W‘> <*  i«> 


Where  we  have  neglected  higher  order  integrals,  I  is  herein  a  stress  potential 

*  p0*  * 

Including  the  discontinuity  terms  of  (28)  again  introduces  second  order 
rate  effects. 


2.1.5  Experimental  Aspects 

The  second  and  higher  order  rate  terms  can  be  properly  eliminated  only 
after  experimental  verification.  The  linearization  of  the  thermodynamics 
equations  or  other  methods  do  not  properly  face  the  problem.  The  Importance 
of  the  results  Is  obvious  In  that  too  many  thermomechanical 1y  coupled  problems 
produce  several  fold  disparities  In  the  predicted  and  observed  results. 


2,1.6. 


TIN  theoretical  development  of  both  rate  dependent  and  hereditary 
materials,  with  discontinuous  strain  histories  is  continuing.  The  purpose 
here  is  to  solve  various  coupled  thermo mechanical  strain  inputs  so  that 
observable  differences  in  the  response  as  compared  to  linear  theory  can  be 
predicted.  St  will  ©f  course  be  desirable  here  to  separate  strain  energy  and 
entropy  effects  os  the  observed  stresses.  Experimental  effort  is  now 
under  way  to  explicitly  evaluate  the  effect  of  both  £  and  <5  (strain  rate 
and  second  derivative  effects).  In  order  to  accomplish  this  task  two 
nperatioi&l  amplifiers  have  been  adapted  as  a  function  generator  for  the  Instron 
testing  machine.  8y  this  means  a  continuous  parabolic  input  strain  function 
with  continuous  first  derivative  is  produced.  The  second  derivative  is 
discontinuous  and  of  constant  value  between  the  discontinuities  (but  of 
reversing  sign).  This  test  should  definitively  show  whether  any  of  the 
materials  being  tested  are  of  the  c  rate  type  In  the  context  herein, 
further  tests  relative  to  the  coupled  heat  conduction  are  In  the  preliminary 
stages,  including  those  pertaining  to  bulk  compression  effects.  Since 
volumetric  changes  are  Important  In  the  analysis,  a  precision  gas  dll  a  tome  ter 
has  been  constructed  and  tests  are  currently  under  way  on  highly  filled 
polymers. 

The  resolution  of  the  above  problems  on  a  closely  coupled  theoretical - 
experimental  approach  is  considered  necessary  before  one  can  with 
confidence  handle  the  thermal  stress  problems  and  high  loading  rate  problems 
of  highly  filled  solid  propellant  materials. 


Mawgjwus 
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PREFACE 


The  question  of  detonation  mechanisms  is  of  direct  1»jporUncs  to 
solid  propellant  rocket  fuels.  Conditions  leading  to  detonation  occur 
as  a  result  of  high  frequency  mechanical  disturbances*  such  as  strong  shock 
Mayes;  which  can  be  Induced  by  direct  environmental  or  tactical  loadings. 

The  process  of  detonation  is  one  whereby  energy  is  released  more 
rapidly  than  it  can  be  carried  sway  from  a  zone  behind  the  wave  front. 

The  energy  released  then  generates  the  shock  ahead  or  it.  The  mechanism 
by  which  this  energy  is  made  available  Is  open  to  question.  In  fact* 
there  is  perhaps  no  single  mechanism  that  is  responsible  for  the  process. 
Various  methods  of  production  of  the  required  energy  have  been  postulated* 
all  aimed  at  producing  “hot-spots,"  small  areas  In  which  the  energy  Is 
concentrated,  so  that  an  amount  of  energy  not  sufficient  for  detonation 
of  the  total  mass  can  cause  local  chemical  reaction.  Such  mechanisms 
include  (a)  compression  of  Interstitial  gases*  (b)  Intergranular  friction, 
and  (c)  high-velocity  flow. 

The  mechanisms  above  seek  a  micro-explanation  to  the  problem.  A 
possible  macro-explanation  to  the  same  problem  lies  in  the  area  of  continuum 
mechanics— specifically  In  the  area  of  viscoelasticity.  It  Is  well  known 
that  nary  materials  are  most  adequately  described  neither  as  elastic  nor 
as  a  fluid*  rather  as  a  viscoelastic  medium.  Such  materials  exhibit 
effects  characteristic  of  both  regimes*  yet  are  solids.  In  particular* 
these  materials  allow  energy  to  be  irreversibly  dissipated  In  mechanical 
processes.  Hence,  the  study  of  the  viscoelastic  response  of  propellant- 
like  materials  to  high  rate,  high  intensity  loadings  may  throw  new  light 
upon  possible  detonation  mechanisms. 

The  purpose  of  this  study  is  to  explore  a  mechanism  In  which  viscous 
dissipation  Is  the  proximate  cause  of  detonation,  taking  the  theory  of 
viscoelasticity  as  a  starting  point. 
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1.0  INTRODUCTION 


This  task  Involves  an  Investigation  of  the  mechanisms  whereby 
mechanically  Imposed  shock  wavas  can  cause  propellant  materials  to  become 
thermally  unstable  and  detonate.  The  Iwnedlate  objective  Is  to  explore  a 
viscous  dissipation  mechanism  by  formulating  the  flat  equations  governing 
the  viscoelastic  deformation  in  a  continuum,  with  specific  attention 
focussed  upon  the  equation  of  state  and  the  effects  of  rate  dependence  of 
the  several  observable  parameters.  Our  Initial  presupposition  therefore 
is  that  dissipative  effects  due  to  viscoelastic  material  response  can 
cause  sufficient  Internal  temperature  rise  to  Induce  detonation.  8y 
Implication,  effects  of  thermomechanlca!  coupling  are  deemed  Important, 
as  well  as  nonlinearity  in  material  response. 

The  project  began  with  the  background  study  of  general  articles 
related  to  detonation,  particularly  those  in  the  area  of  celled  then©-  "... 
viscoelasticity  and  viscoelastic  wave  propagation.  Two  conclusions  were 
reached:  (1)  extensive  literature  exists  in  the  theoretical  area  of 
coupled  thermoviscoelastlclty,  but  the  actual  amount  of  correlation  with 
experimental  data  is  rather  small;  {2)  the  analytical  solution  of  problem 
In  shock  wave  propagation  Is  beyond  the  state  of  the  art  for  materials  of 
the  type  under  consideration,  leaving  numerical  techniques  as  the  only 
reasonable  approach. 

It  was  therefore  decided  that  study  be  directed  toward  Expert mental 
measurements  on  shock  waves,  the  nature  of  various  dissipative  mechanic,: 
and  an  exploration  of  numerical  analysis  techniques. 


2.0  EXPERIMENTAL  WORK 


This  particular  phase  of  the  project  is  being  carried  on  in  conjunction 
with  experimental  studies  Into  the  range  of  linearity  of  viscoelastic 
materials.  The  behavior  of  materials  is  viewed  as  presenting  a  spectrum 
from  low  level  stress  waves  to  high  Intensity  waves  for  tdrfch  the  materials 
behave  essentially  as  fluids.  Thus  the  comparison  study  is  conceived  as 
one  In  which  the  systematic  exploration  of  the  transition  region  is  begun. 

A  facility  Is  nearing  completion  by  which  both  projects  may  be  served. 
The  aim  is  the  capability  to  test  samples  of  representative  materials  under 
shock  conditions.  This  facility  consists,  as  shown  in  the  accompanying 
photos,  of  a  gas  shock  tube  which  allows  a  traveling  shock  wave  to  Impinge 
on  the  end  of  a  specimen.  The  shock  is  provided  by  rupturing  a  diaphragm 
between  a  driver  chauber  containing  high  pressure  gas  and  the  shock  tube 
Itself.  For  this  task  the  aim  of  the  studies  will  be  to  determine  the 
mechanical  and  state  variables  (velocity,  temperature,  etc.)  necessary  to 
evaluate  the  material  constants  appearing  in  any  proposed  constitutive 
lew.  In  this  area  Tasks  5  and  €  share  mapy  of  the  same  alms— i.e.  a 
determination  of  tie  specific  constants  which  appear  in  any  material 
characterization.  While  Task  5  is  essentially  Involved  only  in  state  tests. 
Task  6  Is  concerned  with  dynamic  tests.  It  Is  not  possible.  In  practice, 
to  fully  evaluate  material  behavior  by  only  static  or  dynamic  testing. 

In  order  to  gain  the  above  information,  the  shock  tube  1$  being 

Instrumented  as  fully  as  possible.  Pressure  transducers  are  mounted  on  the 

tube  to  monitor  Incident  and  reflected  pressure,  the  output  being  displayed 

on  an  oscilloscope.  Particle  velocity  measurements  will  be  made  by 

(1  7) 

magnetic  techniques  as  used  by  other  investigators,  *  1  An  attempt  will 
be  made  to  measure  temperature  rise  due  to  the  wave  passage.  Tentative 
plans  call  for  use  of  thermocouples  embedded  In  the  material  for  this 
measurement.  Whtle  the  rise  time  of  the  thermocouple  Is  anticipated  to  be 
too  long  for  instantaneous  measurements,  the  heat  conductivity  of  the 
materials  involved  Is  small  enough  that  some  Idea  of  Instantaneous  results 
will  be  gained. 

The  facility  is  now  in  the  check-out  stage. 
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3.0  THEORETICAL  STUDIES 

3.1  The  General  Problem 

The  solution  to  a  general  problem  In  material  behavior  consists  of  a 
set  of  “functions"  satisfying  the  following  equations; 

1.  conservation  of  mass 

p  +  ou^  ,..  =  0  (1) 

2.  conservation  of  momentum 

°iPj  *  *"yi  (2) 

3.  cons  rvation  of  energy 

c1j  Vi  '  Vi  cp*  ^ 

and  Initial  and  boundary  conditions.  In  the  above  equations  the  superposed 
dot  Indicates  the  time  derivative  (material  derivative),  and  the  subscripts 
denote  spaclal  derivatives.*  These  equations  introduce  a  number  of  functions; 
density  p,  displacement  vector  components  u^,  stress  tensor  components  o^, 
internal  energy  e,  temperature  T,  and  heat  flux  vector  components  q^.  Addi¬ 
tionally,  there  may  be  applied  body  forces  in  (2)  and  internal  heat  supply 
in  (3).  Inspection  of  (1),  (?),  and  (3)  Indicates  tnat  the  nunfcer  of 
independent  equations  is  only  5,  while  there  are  15  unknown  functions.  This 
discrepancy  is  rectified  by  constitutive  laws— relations  which  identify  the 
material  behavior. 

Constitutive  laws  fall  into  three  types:  (1)  stress-strain  laws;  (2) 
heat  flow  laws;  and  (3)  equations  of  state.  The  stress-strain  laws  are 
of  the  form 


°1j  ■  fl' 

(4) 

The  heat  flow  laws  are  of  the  form 

9,  *  G( - 

--)• 

(5) 

The  equation  of  state  has  the  form 

c  1  H( - 

"  /  * 

(6) 

f  A  rectan^lar  cartesian  reference  system  is  used  so  that  distinction 
between  covariant  and  controvariant  derivatives  is  unnecessary. 
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The  notation  { — — — )ir?d1catts  that  the  arguments  a--e  the  relevant 
quanlU1*?.  In  each  ca«s.  There  are  then  10  additional  equations  to  make 
the  systs?  w«l  ^determined.  For  the  moment  the  forms  of  (4)— {6}  remain 


unspecified,. 

The  $nli*tfms$  of  classical  elasticity  are  concerned  only  with  (2)  1r 
t  linearized  form.  The  only  relevant  constitutive  law  is  (4),  in  the  usual 
notation 


u1j  *  A6ij  uk,k  +  v  (ui,j  + 

The  classical  best  conduction  problem  uses  only  (3),  (5)  and  {6).  In  (3) 
the  statement  is  .mad.  ':hat  heat  flow  goes  Into  an  increase  In  internal 
energy  and  mechanical  work  Is  neglected;  in  (6)  the  internal  energy  is  made 
only  a  function  of  temperature;  and  for  (5)  we  have  the  well-known  Fourier 
law 


(8) 


Either  of  these  problems  In  Independent  of  the  other.  In  both  cases  volumin¬ 
ous  literature  is  available.  The  further  complication  that  is  not  unfamiliar 
is  the  partially  coupled  theory.  In  this  case  the  heat  conduction  problem 
is  unchanged,  but  uie  stress  is  allowed  to  depend  on  temperature  as  in  the 
linear  th  vy  where  the  additional  term  (-3  aK(T-TQ)6^)  appears  on  the 
right  land  side  of  (7),  k  being  the  bulk  modulus,  a  the  coefficient  of 
expansion,  and  Tq  a  reference  temperature  at  which  the  body  is  unstressed. 

Inc  temperature  problem  can  then  be  solved  independently,  and  applied  as 
an  input  to  the  stress  problem. 

The  above  restrictive  cases  have  in  common  the  feature  that  internal 


energy  Is  either  neglected  or  only  a  function  of  temperature.  When  the 
fully  coupled  problem  is  considered,  one  must  admit  that  (4),  (5),  and  (6) 
can,  in  general,  all  involve  the  independent  variables  u^,  t,  and  derivatives 
of  these  quantities.  In  fact,  the  whole  history  of  the  independent  variables 
may  be  necessary  to  yield  the  instantaneous  values  of  o^,  ,  and  e.  Now 

the  general  problem  is  far  more  complex,  both  qualitatively  and  quantitatively, 
M';chan1cal  disturuai^es  cause  thermal  disturbances,  and  vice  versa.  It  is 


not  only  difficult  ti.  solve  these  problems  exactly,  it  is  also  difficult  to 


I 


be  sure  what  this  sort  of  coupling  means  in  any  but  s1»sf»7«  problem.  The 

most  critical  difficulty,  however,  lies  in  the  area  of  establishing  equations 

(4)~{5).  In  particular,  (4)  and  (6)  are  open  to  much  speculation. 

f3l 

Probably  the  most  pertinent  work  Is  that  of  Coleman  1  In  the  area  of 
tftermovIscoeUsticity.  This  is  so  because  the  irreversible  effects  of  such 
theories  could  lead  to  temperature  rises  during  the  passage  of  waves. 

As  a  result  of  the  considerations  diseussed  above,  some  time  has  been 
devoted  to  the  study  of  coupled  theories  of  thermoviscoelasticity.  These 
studies  have  led  to  the  production  of  two  Internal  technical  reports/**  ^ 

3.2  Constitutive  Love 

In  principle,  the  problem  stated  above  is  solvable  given  the  constitu¬ 
tive  laws  (4)— (6).  That  Is,  it  could  be  done  numerically,  in  a  step-by- 
step  fashion.  If  In  no  other  way.  rhe  constitutive  laws  embody  the 
differences  that  are  observed  in  response  of  various  materials  to  loads, 
and  are  consequently  the  critical  link  In  the  solution  process.  It  is  this 
area  that  is  presently  under  study  by  many  investigators.  As  a  guide  to 
constructing  constitutive  laws,  certain  principles  should  be  observed: 

1.  Equi presence:  If  In  (4)*- (6)  a  certain 
Independent  variable  appears  as  the  argument 
in  one  equation.  It  should  be  assumed  pre¬ 
sent  in  all  until  otherwise  demonstrated. 

2.  Material  Indifference:  the  material  behavior 
is  Independent  of  observer's  coordinate  system 
and  thus  all  constitutive  laws  should  be  written 
so  that  an  arbitrary  rigid  rotation  of  the  body 
does  not  change  the  law. 

There  are  additional  such  requirements,  but  these  are  the  only  two 
which  need  explicit  mention  in  our  present  context.  Another  guide  In 
formulating  constitutive  laws  Is  the  Second  Uw  of  Thermodynaml cs— the  rate 
of  entropy  production  is  greater  than  or  equal  U  zero,  never  negative. 

This  law  Is  regarded  as  a  restriction  on  any  constitutive  relation  for  any 
admissible  process.  With  such  requirements  as  these,  a  rational  study  of 
constitutive  laws  Is  possible. 

For  the  present  purpose  the  validity  of  the  usual  Fourier  Law  of  heat 
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oo&dttstlen  fs  accepted.  Such  acceptance,  however,  Is  not  necessary.  For 
example,  reference  (6)  discusses  the  classical  law  as  a  first-order 
approximation  to  a  more  general  law.  Reference  {3)  admits  a  history  depen¬ 
dence  of  the  heat  flux  on  strain  and  temperature.  It  Is  of  some  interest  to 
study  the  heat  flow  phenomenon  for  the  following  reason:  if,  in  fact,  the 
diffusion  type  equation  is  replaced  by,  e.g.,  a  wave  equation,  then  heat 
flow  is  no  longer  an  instantaneous  effect. 

References  (5»  ?,  8,  9)  discuss  the  general  problem  of  coupled  thermo- 
viscoelasticity.  The  approach  used  in  (?)  is  to  define  a  non-equilibrium 
thewwdynassics.  The  materia!  law  used  there  Is  one  in  which  equilibrium  Is 
characterized  by  a  hydrodynamic  Ian  and  no  shear  stresses  are  developed 
at  equilibrium.  For  non-equilibrium  processes,  shear  stress  can  be  develop¬ 
ed  so  that  a  solid-like  behavior  is  observed.  Such  a  constitutive  law  Is 
essentially  a  fluid  theory,  and  is  not  desired  for  the  present  study. 

Coleman  (3)  has  studies  constitutive  laws  in  materials  with  fading 
memory.*  He  assumes  that  the  stress,  internal  energy,  and  heat  flux  are 
functionals  of  the  history  of  the  deformation  gradient  ("strain"),  and 
temperature.  and  of  the  present  value  of  grad  T.  To  be  consistent  with  the 
Second  Law  of  Thermodynamics,  it  is  then  necessary  that  the  dependence  on 
grad  T  vanish  from  the  stress  and  internal  energy.  Thus,  the  constitutive 
laws  for  stress  and  internal  energy  can  be  written 


9  *  f  CF(t-s),  T(t-s)] 
s*0 


e  *  E  [F(t-s),  T(t-s)]  . 

$*0 

In  (9)  a  and  F  are  the  stress  and  displacement  gradient  tensors,  and  the 

notation  f  ,  e  Indicates  the  dependence  of  o  and  e  on  all  values  of 
s*Q  s*0 

the  arguments  for  «•  <  t  <  t.  This  result  is  of  interest  In  the  formula¬ 
tion  of  constitutive  laws  as  it  indicates  the  variables  of  primary  concern. 


Such  materials  are  characterized  by  the  notion  that  disturbances  In 
the  near  past  produce  greater  responses  than  disturbances  In  the  farther 
past. 


Christensen  and  Haghdl^  and  Lianls^  have  pursued  the  above 
question  further,  slaking  use  of  a  further  result  of  Cel  man’s.  (Chris¬ 
tensen  and  Msghdl  actually  rederive  that  result  fro®  first  principles.) 
Coleman  has  also  shown  that  If  the  free  energy  Is  written  as  a  func¬ 
tional  of  F  and  T,  then  the  stress  and  entropy  functionals  are  deriv¬ 
able  from  the  free  energy  by  a  process  of  differentiation.  On  the 
other  hand.  If  the  entropy  is  written  as  a  functional  of  a1  and  F»  then 
the  stress  and  temperature  are  derivable  as  functionals  of  E  and  F. 

Christensen  and  Haghdl  explore  the  linear  coupled  theory  In  tenses 
of  a  simple  Integral  form  for  the  free  energy,  which  leads  to  the 
results  for  stress  and  entropy 

»u  ■  Du  ♦  /  <W‘-T-0)  TT dt  ■  fi  dt  no) 

MB  OU  W 


In  (10)  and  (11)  Is  the  usual  Infinitesimal  strain,  s  the  specific 
entropy,  and  the  other  quantities  material  constants  and  functions. 

Ltanls  starts  directly  from  Coleman's  work  and  assumes  a  form  for 
the  free  energy.  This  particular  form  attempts  to  Incorporate  the 
notion  of  "thermorheologlcally  simple"  materials!10^  Into  a  single 
Integral  expression.  The  explicit  representation  for  the  free  energy, 
*•  Is 


*  -  / 1  fp(t-s)  -  F(t),  J  b[T(t-A)  -  Tjdx  i 
o  l  0 

F(t).  (T(t)-T0)|  btT(t-s)  -  T0]d5  . 


(12) 


In  (12)  L  Is  a  function,  possibly  non-linear,  of  the  arguments  shown, 
and  the  function  b(T-TQ)  Is  the  so-called  shift  function  familiar  to 
the  area  of  polymers.  This  particular  representation  has  two  virtues 
that  Immediately  present  themselves: 
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?.  The  Integral  is  a  single  one,  avoiding  the 


unwleldly  g&KIp'le-’ integral  representation 
of  nonlinear  viscoelasticity.  The  non 1 In- 
e&Hty  Is  expressed  by  the  nature  of  L»  an 
ordinary  function, 

2,  The  Inclusion  of  the  theraorheologleal  simple 
character  of  many  polymers  (an  experimental 
fact)  Is  appealing. 

By  the  application  of  the  rules  whereby  constitutive  laws  are  formulated, 
the  general  expression  Is  put  into  an  explicit  fora  consistent  with  Iso¬ 
tropy,  material  Indifference,  etc.  This  form  Is  given  in  (9). 

3.3  Study  Under  Thmie 

The  approaches  by  Christensen  and  Maghdl,  and  by  Ltanls,  have  got¬ 
ten  more  to  the  heart  of  the  problem  than  any  other  In  that  an  attempt 
has  been  made  to  display  the  constitutive  law  In  detail.  It  would  con¬ 
ceivably  be  possible  to  measure  the  functions  required.  However,  It 
appears  that  there  still  remains  a  better  formulation  for  computational 
purposes. 

We  proceed  from  the  assumption  that  any  solution  to  the  fully 
coupled  problems  Is  almost  surely  going  to  be  numerical.  In  particular. 
It  will  be  a  straightforward  finite-difference,  step-fcrward-ln-time, 
solution.  Consideration  of  techniques  of  this  type  shows  the  following 
sequence  of  steps: 

1.  Given  all  the  stresses  at  a  particular  time  tQ, 
solve  equation  (2)  for  the  accelerations. 

2.  From  accelerations  determine  the  new  positions 
of  points,  as  well  as  strains,  etc.,  at  t0  ♦  at. 

3.  Given  the  stresses,  etc.,  at  the  time  tQ,  solve 
for  E  from  (3) ,  and  thus  get  the  value  E  at 

tQ  ♦  At. 

4.  From  the  constitutive  laws  (4)— (6)  determine 

01j’  ^1  *  ^  ^  ^ 
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In  step  4  It  Is  obvious  that  It  would  be  far  wore  desirable  to  have  7 
as  a  functional  of,  soy,  F  and  than  other  variables.  This  Is  true 
because  we  then  derive  T  frow  F  and  S  directly  rather  than  Inverting 
an  Integral  law  of  possibly  very  cowplex  nature.  It  Is,  In  fact, 
possible  to  rationally  reach  such  a  representation.  This  representa¬ 
tion  Is  the  subject  of  (4)  and  (5). 

Taking  an  expression  for  the  entropy  In  terns  of  Integrals  over 
the  history  of  strain,  e^,  and  Interral  energy  Bt  It  Is  possible  to 
derive,  as  done  In  (4),  following  the  Ideas  of  (8),  the  fallowing 
expressions  for  the  stress  and  for  the  temperature 


^4-  » Jf  G2(;-t)  ^-dt  + 


Sc, 


Jc 


♦  /'  ,(0.1-0  If  d. 


T  "  ♦  /  ,(t*T  0)  d.  ♦  J  w(t-x)  |f  d.  . 


03) 

(H) 


0  **ew 


The  functions  G^  6,,,  f,  and  n  appearing  In  (13)  and  (14)  are  neterial 
properties.  In  a  fashion  sir  Mar  to  that  of  Hants,  the  entropy  func¬ 
tional  can  be  expressed  In  term  of  a  linear  Integral  of  a  nonlinear 
function  of  the  quantities  F  and  s.  This  yields,  as  shown  In  (5), 
expressions  stellar  to  (13)  and  (14),  in  which  the  arguments  of  the 
single  Integral  are  various  derivatives  of  the  original  nonlinear  func 
tlon.  It  Is  not  particularly  relevant  to  display  the  result  obtained 
here,  since  It  is  reasonably  complex,  and  certainly  not  suggestive  of 
any  particular  Interpretation. 

At  present.  Investigation  of  the  weaning  of  these  alternates  is 
being  cerrled  on. 


4.0  NUMERICAL  STUDIES 


While  tht  original  thought  was  to  adopt  some  two-dimensional  com¬ 
puter  program  to  the  present  purpose,  such  Ideas  have  been  discarded. 
The  effects  of  boundaries  are  significant  quantitatively  as  well  as 
qualitatively  In  wave  propagation  problems,  but  at  least  the  qualita¬ 
tive  effects  can  be  Inferred.  The  quantitative  effects  are  rather 
hard  to  achieve.  In  this  case  the  use  of  two-dimensional  computer 
programs  goes  beyond  the  available  level  of  support  due  to  the  time- 
consuming  nature  of  such  calculations.  As  an  alternative,  the  one- 
dimensional  wave  propagation  program  WONDy/11^  has  been  adapted  for 
use  at  Utah.  The  following  description  of  the  program  Is  taken  from 
reference  (11). 

VIONDY  Is  a  versatile  FORTRAN  code  for  computing 
wave  propagation  In  one  dimension  In  rectangular, 
cylindrical  or  spherical  coordinates.  The  code 
Is  based  on  conventional  finite  difference  analogs 
to  t^e  Lagranglan  equations  of  motion  and  Is 
similar  In  many  respects  to  other  such  codes. 

Considerable  effort  has  been  expanded  to  produce 
a  very  flexible  code.  Routines  for  equations  of 
state  or  constitutive  relations,  special  boundary 
routines,  radiation  energy  addition,  as  well  as 
the  Initializing  routine  are  written  as  self- 
contained  subroutines,  and  new  routines  are  easily 
written  to  cover  problems  not  handled  by  the 
original  set.  In  this  way  most  problems  of  motion 
in  one  dimension  may  be  handled  without  difficulty. 

Inclusion  of  internal  energy  In  the  program  allows  the  study  of 
temperature  rise  for  assumed  equations  of  state. 
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5.0  PRESENT  STUDIES 

At  present  the  possible  upper  bound  on  temperature  rise  In  shock 
processes  Is  being  studied.  A  variety  of  elementary  mechanisms  under 
consideration  In  order  to  obtain  order-of -magnitude  quantities.  These 
mechanisms  Include  viscous  effects*  l.e.  the  temperature  rise  behind  a 
shock  In  a  Maxwell  material,  and  micro-mechanisms  such  as  bubble  col¬ 
lapse  and  solid  Inclusions.  These  simple  analyses  are  intended  to 
put  the  various  mechanisms  Into  three  categories  as  far  as  their 
ability  to  produce  detonation:  impossible*  marginal*  and  likely. 

While  the  Idea  of  Task  VI  was  that  viscous  effects  are  responsible 
In  a  large  part.  It  seems  wise  to  deduce  a  quantitative  limit.  In 
order  that  redirection  of  Task  VI  might  occur  If  warranted. 
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